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ABSTRACT 
Li-ion batteries represent a pinnacle of compact energy storage. This size reduction 
makes them very energy dense systems, thus substantially increasing the chances of the 
mishap. Future applications demand a very good rate capability (i.e., fast charging), which 
invariably leads to higher heat generation. This heat if not dissipated properly, rapidly increases 
the cell temperature and eventually leads to thermal runaway. Thus, the knowledge of heat 
generation as a function of current is of utmost importance for the design of cooling systems. 
Heat generation rates are most commonly quantified using accelerating rate calorimeter. 
In this study, a calorimeter-free method based on inverse heat transfer analysis is 
proposed. 18650 cells are electrochemically cycled at different currents (C-rate) with 
consecutive charge-rest-discharge-rest cycles in a constant temperature ambient. During the 
experiments cell temperature, ambient temperature, current and voltage data is recorded. An 
energy balance is carried out to model the thermal response of the 18650 cell during 
electrochemical cycling. The model involves volumetric heat generation rate and convective 
heat transfer coefficient as unknowns which are characterized by inverse heat transfer analysis. 
Convective heat transfer coefficient is computed from data during rest periods. It is then used 
to quantify heat generation rate as a function of charge/discharge capacity and C-rate. At low 
current operation, the contribution of reversible heat is of the similar order to irreversible heat 
and would lead to qualitatively different heat generation profiles during charging and 
discharging. On the other hand, at higher currents, irreversible heat dominates and the heat 
generation rates during charge and discharge are quite similar, both qualitatively and 
quantitatively. 
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The contribution of various sources towards total heat generation has been quantified. 
Effect of capacity fade on internal resistances and heat generation rates, while cycling at 
various C-rates, has been investigated. At higher C-rates, the contribution of reversible heat 
towards the total heat generation is found to be negligible while that of irreversible ohmic heat 
is found to be major and is closely related to the internal resistance. Internal resistance is found 
to be independent of C-rate of operation, and increasing with capacity fade in a cell. 
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NOMENCLATURE 
 
𝐵𝑖 Biot number 
CC Constant current 
𝐶𝑃 Heat capacity 
𝑑𝑈
𝑑𝑇
 Entropic coefficient 
ℎ Convective heat transfer coefficient 
𝐻 Height 
𝐼 Current 
𝐹 Faraday constant 
𝑘 Thermal conductivity 
𝐿 Length  
𝑚 Mass 
𝜂𝑐𝑒𝑙𝑙 Over potential 
?̇?𝑔𝑒𝑛 Total heat generation rate 
?̇?𝑟𝑒𝑣 Reversible heat generation rate 
?̇?𝑖𝑟𝑟 Irreversible heat generation rate 
𝑅𝑖𝑛 Internal resistance 
SEI Solid electrolyte interface 
SOC State of charge 
𝜏 Time constant 
𝑇0 Initial temperature of cell 
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𝑇𝑐𝑒𝑙𝑙 Surface temperature of cell 
𝑇𝑓𝑖𝑡 Correlated (fitted) temperature 
𝑇∞, 𝑇𝑎𝑚𝑏 Ambient temperature 
𝑇𝑚𝑒𝑎𝑛 Average temperature 
𝑈 Open circuit voltage 
𝑉 Terminal voltage 
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CHAPTER I 
INTRODUCTION TO LITHIUM ION BATTERIES 
Introduction 
One of the biggest problems the world population faces today is a large imbalance 
between energy demand and supply. Since our population is growing exponentially for last 
few decades, so does the energy demand to fulfil our needs. To satiate this high demand, we 
have been excessively using the fossil fuels, which includes coal, natural gas, petroleum, either 
directly by combustion (majorly in transportation) or to generate energy in the form of 
electricity involving many intermediated steps and use it for our needs (majorly in industrial 
sector and residential sector). In this process [1], by accumulating so much waste in our 
environment, we are disturbing the natural balance, which causes many catastrophes in turn 
endangering our own lives. So, one way to prevent all of this is to replace the use of fossil fuels 
with energy harvested from renewable (sustainable) sources which include solar energy, wind 
energy, tidal energy, geothermal energy. The idea seems to be plausible but the problem 
associated with the use of energy from any renewable energy source is that they fluctuate 
throughout the day, which renders them inefficient for our continuous demand. Another 
problem that arises with the shift of transportation (mostly ground transportation) from internal 
combustion engines (ICEs) to electricity produced from renewables is that we cannot have the 
entire setup that is required for energy conversion (from renewables to electricity) within our 
transport vehicle. So, the solution for all these problems might be just as simple as providing 
a storage device which can store the electricity generated from renewable sources during up 
time (when renewables sources are available) and use the stored energy during depletion time. 
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This makes the shift of transportation towards renewable energy by just equipping it with a 
storage device. 
 
 
Batteries and their classifications 
In this context [2], the storage device used is a battery as shown in Figure 1, which is a 
collective management (connected in series or parallel to obtain desired voltage and capacity) 
of a number of electrochemical cells which converts electricity energy from chemical energy 
or vice versa. The primary purpose of the battery is to power a device and storage and release 
of energy is realized by the flow of electrons and ions. The energy conversion process in the 
batteries happens in a single step as opposed to many intermediate steps involved in the 
electricity generation from the burning of fossil fuels and solar energy, wind energy etc., 
thereby increasing the energy efficiency. 
Batteries can be classified [3] mainly into two types: primary and secondary batteries. 
Primary batteries are like use and throw type, as the electrochemical reactions associated with 
 
Figure 1. Battery module having several NCR18650 cells connected in parallel 
and series. 
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it are mostly irreversible i.e. the reactions happening during discharge of the battery cannot be 
reversed. They are assembled in charged condition and then used e.g. Alkaline batteries, Silver 
oxide batteries, Lithium primary batteries, Mercury batteries and Zinc-carbon batteries. 
Secondary batteries are the ones which can be used again and again, since the electrochemical 
reactions associated with them are reversible i.e. the reactions that happen during the discharge 
of the battery can be reversed during charging by applying a certain voltage to the battery in 
opposite direction, so that battery can be charged/discharged for a number of cycles, hence 
named as rechargeable batteries e.g. Lead-acid, Nickel-Cadmium (NiCad), Nickel-metal 
hydride (NiMH), Zinc-air, Sodium-Sulphur, Lithium ion (Li-ion) and Li-air batteries.  
Basic working principle of an electrochemical cell 
A typical electrochemical cell consists of a positive electrode and a negative electrode 
immersed in an electrolyte solution with a porous separator between them. Usually, redox 
couples are employed as electrode materials i.e. when one material gets reduced the other 
material gets oxidized. The separator prevents the flow of electrons but allows positively and 
negatively charged ions to migrate from one electrode to other through the electrolyte. Both 
the electrodes are connected externally by conductive element through an external load, which 
provides the pathway for the flow of electrons between the electrodes. During discharge, 
oxidization takes place at negative electrode and electrons and positively charged ions are 
formed. Electrons flow from anode to cathode through the external circuit [3], creating a 
current in opposite direction while positive ions get dissolved in the electrolyte and move 
towards cathode through the separator. At positive electrode, the cathode material gets reduced 
by accepting electrons from the external circuit. The ions migrated to the cathode from anode 
gets reduced and precipitate. In rechargeable batteries, these reactions can be reversed by 
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applying a voltage in opposite direction during charging and entire process becomes vice versa, 
whereas in primary batteries these reactions are one way and cannot be reversed.  
 
 
Background and development 
Primary batteries [4] have been around for more than a century while the first 
rechargeable battery based on Lead-acid was invented in 1859 by Gaston Planté and still in 
use today. Till 1940, the primary battery based on zinc-carbon was widely used because of its 
portability and robustness. Later it was replaced by a secondary battery based on Nickel-
Cadmium, invented in 1899, and had been widely used in portable equipment from wireless 
communications to mobile computing. In the 1990s, Nickel-metal-hydride (NiMH) battery was 
commercialized supplanting the NiCad battery, having similarities to NiCad but being more 
environmental friendly than NiCad. Lithium, being the most electropositive element and the 
lightest metal, led to high energy dense systems which spurred interest among the researchers 
 
Figure 2.  Schematic of an electrochemical cell. 
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around 1950s, eventually leading to the development and commercialization of a variety of 
primary Lithium cells in 1970s. Around 1980s, many efforts were put to develop the 
rechargeable Lithium batteries by using metallic Lithium as positive electrodes, but most of 
them were failed because of high reactivity of Lithium, inherent instabilities during charging 
and dendrite formation limiting the commercialization of these batteries. So, many attempts 
were made to modify the anode material and alloys of Lithium were used instead of Lithium 
metal, which solved the dendrite problem but limited the number of cycles due to the extreme 
volume changes during the operation. Later Lithium with insertion compounds were used as 
negative electrode material because of which anode potential increased and need to use higher 
potential insertion compounds for cathodes arose. This led to the usage of the higher voltage 
metal oxides (LixMO2, where M= Ni, Co or Mn), which are more oxidizing than the previous 
compounds, as cathodes and are being used in commercial Li-ion batteries even today. 
Eventually, the discovery of highly reversible, low potential intercalation and de-intercalation 
of Li-ion in carbonaceous material led to the introduction of first commercial Li-ion battery 
based on C/LiCoO2 by Sony in 1991. 
Today [5], secondary type Li-ion battery is the fast growing and most promising battery 
chemistry and becoming prominent in most of the portable electronic devices and a wide 
variety of other applications due to their high-energy density, widely variable voltage, long 
cycle life, high charge and discharge rates, environmentally more benign than other 
chemistries. Unlike lead-acid and NiCad batteries, Li-ion batteries do not contain toxic heavy 
metals and they do not suffer from high self-discharge rate and memory effect of NiCad and 
NiMH batteries. The major short come with Li-ion batteries is that they require careful 
attention to safety. Overcharging, overheating, or short-circuiting a charged Li-ion battery can 
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result in fire or explosion. Research and development is going on to improve their safety, 
increase capacity, charge-discharge rate, and lifetime. 
Basics of Lithium ion (Li-ion) batteries 
‘Lithium ion battery’ refers to a diverse group of battery chemistries [5] with Li-ion in 
them and as with any battery, Lithium ion battery consists of three main components: positive 
and negative electrodes with a separator placed in between and together immersed in an 
electrolyte. Usually, Lithium metal oxide (𝐿𝑖𝑀𝑂2) compounds (where 𝑀 stands for metals 
such as Co, Ni, Mn etc.) are used as active materials in positive electrodes while lithiated 
carbons (𝐿𝑖𝑥𝐶) are used as active materials in negative electrodes. These active materials are 
bonded to the current collectors (metal foils usually made of copper for anode and aluminum 
for cathode) and separated by a microporous polymer separator which isolates the electrodes 
electrically and allows diffusion of Lithium ions between the electrodes. 
All Li-ion batteries use a process known as intercalation, in which Lithium ions are 
incorporated or inserted into the structure of the electrode active material and de-intercalation, 
in which Lithium ions are extracted from the structure of the electrode active material, during 
the operation of the battery. During the discharge process, the negative electrode is 
electrochemically oxidized and de-intercalation of Lithium from anode takes place while 
releasing the electrons. The Lithium ions formed at the negative electrode diffuses through 
electrolyte, across the separator and towards positive electrode. The electrons released at the 
negative electrode moves through the current collector, then through the outer circuit towards 
the positive electrode which accepts electrons. The positive electrode gets reduced by 
accepting electrons and intercalation of Lithium ions into cathode active material takes place. 
And during charging, the entire process is reversed, the cathode active material gets oxidized 
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releasing the electrons and de-intercalation of Lithium ions takes place from cathode. The 
electrons travel through the external circuit and Lithium ions through the electrolyte towards 
negative electrode, where negative electrode is reduced by accepting the electrons and 
intercalation of Lithium ions takes place. 
Figure 3 shows schematic of Li-ion cell with LixC6 as anode active material (negative 
electrode) and Li1-xNiMnCoO2 as cathode active material (positive electrode). During 
discharge, the graphite electrode gets oxidized releasing electrons and de-intercalating Li-ions 
which moves towards LiNiMnCoO2. On the other half, LiNiMnCoO2 gets reduced by 
accepting the electrons and intercalates Li-ions in its structure. This process reverses during 
the charge and is as shown below. 
Reaction at positive electrode 
𝐿𝑖1−𝑥𝑁𝑖𝑀𝑛𝐶𝑜𝑂2 + 𝑥𝐿𝑖
+ + 𝑥𝑒−  ⇌ 𝐿𝑖𝑁𝑖𝑀𝑛𝐶𝑜𝑂2 
Reaction at negative electrode 
𝐿𝑖𝑥𝐶 ⇌ 𝐶 + 𝑥𝐿𝑖
+ + 𝑥𝑒− 
Net electrode reaction 
𝐿𝑖𝑥𝐶 + 𝐿𝑖1−𝑥𝑁𝑖𝑀𝑛𝐶𝑜𝑂2  ⇌ 𝐶 + 𝐿𝑖𝑁𝑖𝑀𝑛𝐶𝑜𝑂2 
The intercalation of Li into graphite occurs in various stages [6]. A first polarization of 
graphite electrodes in any polar aprotic Li salt solution consumes irreversible charge for 
reduction of the solution species and forms a passivating film known as Solid -Electrolyte 
Interface (SEI) that prevent any further irreversible process and provide metastable conditions 
for the LixC6 stages that are formed during Li insertion into graphite, all of which are highly 
reducing agents. To account for this loss, Li-ion battery contains excess of Li in its cathode. 
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Figure 3. Schematic of Li-ion battery. 
 
As role of electrolyte is to act as a medium for the transfer of ions between the two 
electrodes, it should possess some important characteristics when using in Li-ion batteries:  
(i) Should be a good Li-ion conductor and electronic insulator  
(ii) Should be stable over the operating voltage window  
(iii)Should be chemically compatible with the cell components and electrodes 
(iv) Should be thermally stable over a wide range of temperatures and  
(v) Should have good transport properties. 
Usually [6], Lithium salt (Lithium hexafluorophosphate (LiPF6)) dissolved in an 
organic solvent (mixture of ethylene carbonate (EC) and either dimethyl carbonate (DMC), 
ethyl methyl carbonate (EMC) or diethyl carbonate (DEC)) is used as a basic standard 
electrolyte in Lithium ion batteries. LiPF6 passivates and protects aluminum current collectors. 
As the conductivity of non-aqueous electrolytes used in Li-ion batteries is less compared to 
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aqueous electrolyte, the electrodes stacks are made very thinner which decreases the distances 
which the ions should conduct and this also increases the volumetric and gravimetric power 
densities. 
Types of Lithium ion batteries 
Based on chemistries 
As of present day [7], the most widely used anode active material in Li-ion batteries is 
carbon based and research is going on to find alternative materials with both higher capacities 
and slightly more positive intercalation voltages. Coming to cathodes, the most widely used 
active material is based on Li with other metals like Cobalt, Manganese, Phosphate and 
sometimes electrochemically inert cationic substitutes like Ni, Al, Ga, Mg, Ti, etc. are 
introduced to stabilize the layered structural framework. Li-ion batteries are often named after 
its active materials, like LCO for Lithium Cobalt Oxide, NMC for Lithium Nickel Manganese 
Cobalt oxide, LMO for Lithium Manganese Oxide, LFP for Lithium Iron Phosphate, NCA for 
Lithium Nickel Cobalt Aluminum oxide, LTO for Lithium Titanate etc. Each of these 
chemistries have their own advantages and disadvantages.  
LiCoO2 
This cathode has layered structure. One of the main advantages of this system is its 
high-energy density which made it a popular choice for applications in mobile phones, laptops 
and digital cameras. But the major drawbacks of this chemistry are its relatively low cycle life, 
low thermal stability, low rate capabilities. 
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LiMnO2 
This system has three-dimensional spinel structure, which give rise to low internal 
resistances and improved rate capabilities. This spinel structure has also good thermal stability, 
but has lower capacity compared to LCO system.  
LiNiMnCoO2 
High specific energy of Nickel and low internal resistance of Manganese spinel 
structure combined with reduced Cobalt content offers low cost, long life and inherent stability 
which makes them preferable over Cobalt, Nickel or Manganese structure alone.  
LiFePO4 
This uses phosphate as cathode material and offers low resistance, high current rating, 
long cycle life, enhanced safety, good thermal stability and tolerance to abuse. This is cost 
effective considering its cycle life, but has lower voltage which reduces its specific energy to 
lower than that of LMO.  
Based on physical formats 
With the wide spread of Li-ion batteries into various sectors [8], the applications 
became widely varying, which necessitates to manufacture them in various sizes, shapes and 
forms. Some of the most commonly used standard forms of Li-ion batteries are   cylindrical 
cells, button or coin cells, prismatic cells and pouch cells as follows. 
Cylindrical cells 
The most widely used form among both primary and secondary batteries are cylindrical 
cells. It has many advantages over other forms of cells. These forms are in use for a long time, 
production lines must have been optimized, so results in less cost per kWh energy produced. 
They are also very easy to manufacture, have good mechanical stability due to tight wounding 
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and metal encasing. But when cylindrical cells are placed together, there is lots of space 
between the cells, which give rises need to efficient space management in the battery, usually 
thermal regulation systems are installed in these spaces. 
 
 
Figure 4. CGR18650CG cylindrical Li-ion cell. 
 
The most commonly used construction in Lithium ion cell is spirally wound electrodes 
structure also called as jelly-roll or swiss-roll structure. This construction is used to increase 
the current carrying capacity of the cell by increasing the active surface area of the electrodes 
by making them into thin strips and rolling them tightly, where the size of the electrode cannot 
be increased to increase the active surface area due to the limitations on the cell size. This also 
decreases the conducting distance for ions, thereby decreasing the internal resistance of the 
cell. 
But the room for electrolyte in the cell is greatly reduce now, since most of the space 
is occupied by the electrode sheets and separator, so the potential energy storage of the cell is 
reduced. This cylindrical structure is not limited to Li-ion batteries but also widely used in lead 
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acid batteries, NiCad and NiMH batteries. These are generally used in laptops, medical devices 
and large cylindrical cells are used in electric vehicles. Most of the cylindrical cells include 
various safety mechanisms: 1) Positive thermal coefficient (PTC) protection, 2) Venting 
mechanism or pressure relief mechanism. 
Button or coin cells 
 
Figure 5. Coin cell. 
 
As the name suggests they are very small compared to other forms of cells and mostly 
used in portable devices like watches, calculators, medical implants, hearing aids, memory 
backup devices. These usually do not have any safety mechanisms like cylindrical cells. They 
have relatively high capacity but deliver low power. Both primary and secondary batteries are 
available in this format but most of them are primary batteries. Rechargeable batteries are also 
available in the same sizes but with lower capacity than primary versions. 
 
 
Figure 6. Cross section of a coin cell. 
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Prismatic Cell 
Prismatic cells have advantages of having thinner profile and effectively use space due 
to the rectangular shape or flattened spiral contained in a rectangular can, giving more 
flexibility in designing. They are more commonly used in small electronic devices such as 
mobile phones, tablets and laptops. There is no standard format for this battery and every 
manufacturer has their own design.  
 
 
Figure 7. Cross section of a prismatic battery [8]. 
 
Prismatic cells are also available in large formats with capacities of 20-50 Ah, primarily 
used for electric powertrains in hybrid and electric vehicles. They require thicker walls to have 
good mechanical stability which results in high manufacturing cost, capacity drop, low energy 
density, more vulnerable to swelling, ineffective thermal management and short cycle life 
compared to cylindrical formats. 
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Pouch cells 
 
Figure 8. Pouch cell [8]. 
 
Pouch cells are mostly used for Li-polymer cells with solid electrolytes where 
electrodes together with solid electrolyte are stacked in layers and enclosed in foil envelope, 
eliminating the metal enclosures, reducing weight and effectively using the space than any 
other cell format. The conductive metal foil tabs are welded to electrodes and brought outside 
completely sealed. Due to lack of mechanical rigidity, these cells are more prone to expansion 
with rise in temperature and allowances should be provided for expansion in battery 
compartments. These are most commonly used in consumer, military and automotive 
applications. No standard size exists and every manufacturer has its own design. Due to soft 
outer cover, these cells are prone to mechanical damage (punctures etc.), especially high during 
the swelling of the cell, and any sharp edges are to be avoided in proximity. 
Common problems associated with Lithium ion batteries 
Lithium ion battery [10] requires low maintenance and causes little harm when 
disposed. Despite many advantages over other chemistries, it still has its own drawbacks. Some 
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of the problems associated with Lithium ion batteries are due to faulty design and materials, 
improper tolerances used, inadequate knowledge of design engineer and inadequate equipment 
which all can be greatly reduced by carrying thorough quality checking. Other problems can 
occur randomly during operation due to abuse like over charging and over discharging, 
operating at higher rates than recommended, operating at subzero temperatures and high 
temperatures, crushing, vibrations, ageing mechanisms, external factors (includes sensor 
failures, circuit interrupter failure, fan or pump failures, loss of cooling fluid, incorrect or 
missing BMS messages, BMS failure, charger failure). 
Causes of cell failure 
Some of the cell failures associated with Li-ion batteries [10] are due to: exhaustion of 
active materials due to ageing, decomposition of the electrolyte due to overheating or over 
voltage, electrode plating due to low temperature operation or high rates of operation, increase 
in internal impedance and capacity loss due to cycling, increased self-discharge due to change 
in morphology of electrodes, pressure build up in the cell, penetration of the separator and 
short circuit due to dendrite growth, uneven separators which can develop local hotspots and 
weakens the separator causing short circuits, contamination, softening of separator due to 
overheating, swelling, overheating and thermal runaway. So, the precautionary methods must 
be incorporated while designing battery packs and any applications that uses cells to reduce 
the catastrophic failures like thermal runaway caused by external factors that are beyond the 
manufacturers control. 
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Aging is a problem associated with many battery chemistries, so does with Lithium 
ion. Due to unwanted chemical reactions, some capacity deterioration occurs gradually and 
eventually results in the failure of the battery and usually occurs whether the battery is in use 
or not. This may occur due to the passivation, corrosion, chemical loss through evaporation, 
change in morphology of active chemicals, electrode or electrolyte cracking. New enhanced 
chemical combinations are being introduced to fight the age-related degradation. Storage at 
low temperatures around 15oC and partial charge during storage can also help in slowing the 
aging process. 
Safety hazards and protective measures 
There will be some sort of safety issues [12] associated with any type of energy storage 
device, so does the same goes with Li-ion batteries. But these risks can be greatly reduced if 
the manufacturers of those devices meet certain safety requirements. Even though highly 
cautious, failures are bound to happen, since millions of batteries being produced and used. A 
 
Figure 10. Lithium dendrites piercing into separator and causing short circuit in Li-
ion batteries [9]. 
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case where one in 200,000 failure rate triggered the recall of almost six million Lithium ion 
batteries and manufacturer in question says it is due to the microscopic particles meeting parts 
of the battery which happens very rarely and impossible to eliminate due to the complex 
manufacturing and assembly techniques. Also, as we go for denser batteries, the separator 
thickness decreases and is more prone to damage in the presence of particles. The older lower 
capacity batteries can withstand a nail penetration test, whereas the new higher capacity 
batteries will ignite during the same test so rendering this test useless against high energy 
density batteries. Since Li-ion cells using conventional metal oxides are nearing their 
theoretical specific energy, the focus is shifting towards enhancing the safety and calendar life 
of batteries.  
The safety is usually achieved by employing many methods: optimizing the amount of 
active material to have optimal energy density and safety, inclusion of variety of safety 
mechanisms within the cell like adding the electronic protection in the circuit of battery pack, 
built-in PTC device to protect the cell from high current surges, CID to protect if there is certain 
pressure rise and safety vent which allows a controlled release of gas if there is rapid rise in 
pressure inside the cell. By employing electronic protection circuits, we can limit the peak 
voltage (overcharging) and lower voltage (over discharging), temperature extremes during 
normal operational rates by which we can virtually eliminate Lithium plating and capacity 
fade. But if the problem rises due to inherent defect in the cell, these protection mechanisms 
cannot prevent the cell from failure. Since we use so many batteries connected in series in EVs 
and HEVs, the mismatched capacities of cells can result in overcharge of lower capacity cells 
causing Lithium plating leading to cell failure. So instead of monitoring overall pack voltage, 
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individual cell voltage should be monitored for safe operation [12]. Most of these failures 
triggers the temperature rise which eventually leads to the failure of the cell. 
Effect of temperature on Lithium ion batteries 
Heat is always the enemy of the battery [5]. Too much heat or too much cold is not 
good for them, and optimal conditions should be maintained for their good operation and 
longer state of health. Elevated temperatures in battery triggers unwanted exothermic reactions 
and they further rise the temperature triggering even more deleterious reactions causes rapid 
uncontrollable temperature rise leading to thermal runaway causing fire and explosion. This 
process occurs in following steps: First the passivating solid electrolyte interface (SEI) layer 
on the anode breaks down due to high temperature or penetration and reaction between anode 
and electrolyte (which occurs during formation) occurs now uncontrollably at these higher 
temperatures and heat builds up breaking the organic electrolyte and releasing hydrocarbon 
gases and reaching temperature beyond their flash point. At this point, due to unavailability of 
oxygen fire doesn’t start yet. Then the separator melts short circuiting the electrodes, and 
eventually breaking down the metal oxide cathode, rising the temperature and pressure even 
more and releasing oxygen which enables the burning of gases previously released and both 
temperature and pressure rises rapidly leading to explosion. 
While all batteries [5] can present safety hazards if used improperly, Li-ion batteries 
are especially sensitive to proper handling and treatment. Li-ion batteries can vent electrolyte, 
catch fire, or explode if overcharged, overheated, or short-circuited. Overheating causes the 
negative electrode material to react with the electrolyte, causing venting or fire. Charging of 
Lithium ion batteries is more delicate than discharging [5], hence we should be careful while 
charging them. Most Li-ion batteries cannot be charged at ambient temperatures below 0°C or 
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above 45-50°C. At higher temperatures, the Lithium ion batteries have increased performance 
but their life is greatly reduced. Charging at high temperature (even storing the battery at high 
temperature) will cause capacity fade, charge acceptance is greatly reduced which decreases 
cycle life and may present a safety hazard due to unreliable full charge detection. Storing 
battery at higher temperatures at high state of charge (SOC) causes even more capacity fade 
than low SOC because of increased rate reactions. Phosphate-based batteries may have 
somewhat better high-temperature performance than Li-ion and Ni chemistries. 
 
 
Figure 10.  Explosion of Lithium ion battery [10]( Ariel Gonzalez). 
 
Charging Li-ion batteries at lower temperatures should be done at extremely lower C-
rates and should be avoided if possible. Although battery appears to be charging normally at 
low temperatures, Lithium plating may occur leading to the growth of Lithium metal dendrites, 
which can penetrate separator resulting in an internal short circuit, destroying the battery and 
potentially causing a fire. Mild short might cause elevated self-discharge which results in small 
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heat buildup but if enough current flows, the heat built up can damage insulation and create an 
electric short, rising the temperature rapidly to around 500oC leading to thermal runaway. 
Ensuring that the temperature remains within the acceptable range is especially important for 
products that may be charged outdoors where the ambient temperature may be too high or too 
low.  
Typical Lithium ion battery generates [5] heat even if it charges and discharges in 
normal operating conditions, but does not lead to thermal runaway, if properly cooled. But if 
it is not properly cooled heat accumulation takes place and eventually leads to higher 
temperatures causing thermal runaway. If the battery management system contains a 
temperature sensor in contact with the battery, it can stop charging before thermal runaway 
starts. If a cell goes to thermal runaway, it can easily propagate to the neighboring cells and 
leads them to thermal runaway in their own time. So, care should be taken by providing certain 
dividers between cells isolating them from each other. The Li-ion batteries with cobalt based 
cathodes can temperatures up to 130oF whereas the manganese based cathodes can withstand 
temperatures up to 250oC. Higher SOC can trigger thermal runaway at lower temperatures 
compared to lower SOC. So, the onset of temperature can depend on battery chemistry, SOC 
and abuse condition. 
Thermal management 
So, now we know that thermal management plays a crucial role in cell and pack design 
and Lithium ion battery needs optimal temperature conditions for optimal performance, life 
and safety, we should know what methods to be employed to achieve that in various 
applications. Though there are myriads of causes for temperature fluctuations in batteries, we 
can solve this problem by temperature of each cell in the pack by employing methods 
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depending on application which may involve fins, fans circulating air (cool or hot depending 
upon purpose), phase change materials (PCM) which can absorb significant amount of heat 
without change in its phase (high latent heat). The types of cooling systems can be classified 
as active and passive systems depending on how we are controlling the temperature, air or 
liquid cooling depending on the physical state of coolant we are using (usually we employ air 
cooing, conditioned from cabin, for smaller packs and liquid cooling, system connected to 
radiators, for large packs) and based on type of temperature control mechanisms used. These 
all thermal management systems can be used in combination with complex algorithms for 
detecting the exact state of individual cell like temperature, state of charge etc., and regulating 
the flow of coolant and temperature of coolant can achieve high level of thermal management 
which might be trivial in simple applications but plays an important role when it comes to high 
energy storage (automobile, grid storage) with limited space and highly fluctuating operating 
conditions. 
Passive thermal management refers to cooling or heating without any external aid and 
solely based thermodynamics and heat transfer from component to the coolant. There is a limit 
on the amount of heat transfer (cooling or heating) that can be provided by these systems, 
which usually depends on efficiency of heat transfer from the cell (depends on heat transfer 
coefficient) and the thermos physical properties of the cell components. If the ambient 
temperature is not optimal and is too cold or too hot, the battery packs may suffer because of 
insufficient heating or cooling, since, the heat transfer also depends on the ambient temperature 
conditions in this system. But these systems eliminate the use of many other mechanical 
components that are involved in active thermal management thereby decreasing the weight, 
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space required and the cost involved is very low compared to active systems, so these are most 
commonly used in portable applications where space, weight and cost are crucial factors. 
Active thermal management refers to achieving cooling or heating by taking external 
aids like fans to induce forced convection either by air or liquid and heaters during cold 
temperature operations. These systems give far better heat transfer results than passive 
systems. But increased number of components leads to both increased weight, space and cost, 
which limits their application, since they become cumbersome where there are limits on space 
and weight. 
Preventing excess rise in temperatures by employing various air cooling or liquid 
cooling methods. Each of the cooling types has its own advantages and disadvantages. Liquid 
cooling is more effective and retains heat for longer than air cooling but care should be taken 
while using liquids to prevent corrosion, accidental short circuits when used in direct contact 
with batteries. Liquid cooling might become quite costly than compared to air cooling since 
air cooling does not have any special requirements and can be directly blown over batteries to 
achieve cooling. We can prevent most of the hotspots developed in the battery pack by 
absorbing the heat generated from all batteries in the pack and distributing it uniformly, which 
can be attained by employing a highly conducting material like aluminum, which absorbs heat 
and distributes heat quickly. Internal cooling channels can be employed inside the battery 
packs which can absorb and dissipate the excess heat produced during the thermal runaway 
conditions. 
During extremely low temperatures, the temperature of batteries could be raised by 
heating it externally (convective heating) by employing heaters, heat produced from engines 
in case of HEVs, or internally (self-heating) by providing high external load on battery 
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(drawing high current which increases ohmic heating), applying high current pulses. Smart 
chargers can also be employed to charge batteries at certain C-rate depending on the 
temperature of the battery. During charging at low temperatures, the internal resistance of the 
battery comes into act giving rise to heat which can increase battery temperature.  
To make employment of any of these methods or mechanisms feasible we should first 
know the amount of heat generated during the operation of a cell (to which we want to design 
thermal management), under various operating temperatures, various cycling rates, various 
state of charges and state of health. Then we can correlate these heat generation results with 
parameters of the cell and temperature of the cell and create a thermo-electrical lumped model 
and incorporate it into battery thermal management system (BTMS) which can predict the 
amount of heat generated at any given time by having certain fixed standard parameters 
(thermo-physical properties) and certain in situ measurements (temperature, voltage and 
current measurements).  
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CHAPTER II  
THEORETICAL BACKGROUND 
With recent advances, Lithium ion batteries have been replacing other battery 
chemistries like NiCad, NiMH etc. and have been extensively used in most of the portable 
applications like laptops, cell phones and other consumer applications because of their high 
energy density, low self-discharge, lighter weight, no memory affect, high open circuit voltage 
etc., They are now being considered as a good candidate for high energy storage applications 
like power grids,  Electric vehicles (EVs), Hybrid electric vehicles (HEVs) and Pug-in hybrid 
electric vehicles (PHEVs) and are expected to replace lead acid batteries and Ni-based battery 
chemistries. This calls for the need to research key issues associated with scaling up of Li-on 
batteries to high capacity energy storage. 
Most of the research on Li-ion batteries is focused on developing materials for 
increasing specific energy, capacity, power and cycle life and not much attention has been paid 
to thermal aspects of the battery, which is of prime importance in scaling up of Li-ion batteries 
for high energy applications. Operation of Li-ion batteries inherently generates heat due to 
electro-chemical reactions happening inside the cell, electrical resistances and other 
polarization resistances developed during operation and heat buildup takes place inside the cell 
owing to the thermo-physical properties of the cell components.  Adding to this, the higher 
ambient temperature might lead to the increased cell temperature and the battery cell is prone 
to self-sustain some undesired exothermal reactions when the temperature exceeds certain 
threshold which causes rapid, uncontrolled temperature rise in cell leading to catastrophic 
failure (thermal runaway) of the cell and may also propagate to other cells in the battery pack. 
Also, high temperature operation leads to accelerated capacity fade, decreased cycle life along 
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with safety issues. So, care should be taken to maintain the optimal temperature range and 
temperature uniformity for individual cell and throughout the entire battery pack. 
The temperature of the cell can be kept in control either by decreasing the inherent heat 
generated in the cell by improving the design of the electrode and optimal selection of materials 
for cell components or by cooling externally with battery thermal management system 
(BTMS), of which we will focus on the latter method in this study. Designing a proper BTMS 
needs the prediction of amount of heat generation in the battery for given operating conditions 
and state of the battery. This requires a detailed thermal analysis and development of thermal 
and electrochemical models coupled with each other, which can predict the amount of heat 
generation. Since thermal management of Lithium ion batteries is gaining importance very 
recently, there is a very little research done on this aspect of Lithium ion batteries. 
Zhang [11] developed a coupled electrochemical-thermal model to analyze the 
different sources of heat generation during the discharge of a cylindrical Lithium ion battery. 
The cell is modeled with thin layers of cathode, separator, current collector and anode rolled 
up into spiral on a central mandrel [12] and having Lithium manganese oxide (LiMnO4) as 
positive electrode, graphite meso carbon micro-bead (MCMB) 2528 as negative electrode and 
LiPF6 in a solvent mixture of propylene carbonate/ethylene carbonate/dimethyl carbonate as 
electrolyte [13]. The mathematical model includes electrochemical kinetics, solid phase 
Lithium transport, Lithium ion transport in electrolyte, charge conservation/transport, energy 
conservation/dissipation and heat transfer [14-18] and is validated with existed experimental 
data. The discharge process was simulated with cycling rates of 0.5C, 1C and 1.7C. 
Contribution of three sources of heat generation ohmic heat, polarization heat and reaction heat 
were computed during the discharge process which shows that the contribution of ohmic heat 
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is largest towards the total heat, next to it is reaction heat and third is heat due to active 
polarization. The Lithium ion concentration and its gradients are recognized to have effect on 
ohmic resistance and active polarization and therefore important factors of heat generation. 
The temperature towards the end of the discharge is found to increase with increasing both the 
separator and electrode thickness. 
Chen, et al. [19] developed a two-dimensional thermal model which accounts for the 
hollow core, spiral, contact layer and the case in a battery to avoid deviations due to improper 
approximation of the complicated spiral geometry. The energy balance equation proposed by 
Bernardi, et al. [20] is used and the model has the flexibility to adopt to various boundary 
conditions. Results from this work shows that maximum temperature of the battery is not 
located exactly at the center but in the circular region near the core and the temperature 
difference between surface and core increases with increase in number of spirals and radius of 
the battery. Also, the results show that heat dissipation can be significantly improved by 
enhancing the surface emissivity and in forced convection with parallel flow effectiveness of 
convection decreases with increase in radius. 
Chen and Evans [21] carried out thermal analysis of Lithium ion batteries during 
charge/discharge and thermal runaway with a mathematical model. The results indicate that 
during normal battery operation, battery temperatures are unlikely to reach the onset 
temperature of thermal runaway, although heat may not be dissipated out of a large cell stack 
during high rate discharge [22] and if the battery is continuously cycled at higher rates, 
significant heat accumulation may be caused within a battery which may increase temperature 
to the onset of thermal runaway. 
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Sato [23] carried out thermodynamics experiment and analysis for Lithium ion batteries 
and confirmed that heat absorbed and rejected depends on charging and discharging 
respectively. The heat generation was divided into three types: reaction heat, polarization heat 
and joule heat. This is verified by comparing thermodynamics calculations with the 
experimental data of heat generation. 
 Eddahech, et al. [24] investigated thermal behavior of high-power Lithium cells using 
an ARC calorimeter [25, 26] to measure the heat generated by the Lithium-ion cell during 
charging and discharging at various C-rates. Total heat generation in the battery is related to 
both joule heating which is due to internal resistance and entropy change due to 
electrochemical reactions that occur during charging and discharging [27-31]. Entropy was 
measured using both potentiometric and calorimetric methods, to quantify the reversible heat 
component and the results confirmed its significant dependence on SOC variations [32]. The 
influence of entropy change, on heat generation was less marked at higher C-rates, resulting in 
a larger irreversible heat component during charging and discharging at high current rates. 
 Hatchard, et al. [33]  developed a predictive model for oven exposure testing, using 
reaction kinetics that have been developed for electrode materials with electrolyte exposed to 
high temperature, and thermal properties of cells from literature [34, 35]. It can be used to 
determine the performance of cells made from new materials in abuse test without producing 
test batches of cells. This model can also be used to test design changes to cells such as increase 
in radius or capacity and to predict the effects of changing cathode reactivity, changing to a 
higher or lower surface area carbon anode. 
 Khateeb, et al. [36] reported the experimental results along with the simulation results 
for a Li-ion battery in electric scooter applications. The four modes of heat dissipation are 
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considered: a) natural convection, b) presence of aluminum foam heat transfer matrix, c) use 
of phase change material (PCM) [37, 38], and d) combination of foam and PCM. Using foam 
or PCM alone resulted in lower temperature than without either of them but are not effective 
for the use in harsh and abusive operating conditions, whereas using PCM and foam together 
resulted in the lower temperature of the module and individual cells than that of natural 
convection without them as well as effective during hot summer conditions and other harsh 
thermal conditions. 
 Al Hallaj, et al. [39] developed a simplified 1-D thermal model which uses lumped 
parameters [40] to simulate the temperature of Li-ion cell during discharge. This model uses 
the heat generation parameters of the Sony US18650 cell [41, 42], which are established 
experimentally. The temperature profiles for scaled up cylindrical Lithium ion cells of 10 - 100 
Ah capacity are simulated with this model at various operating conditions and cooling rates. 
Cooling rates were found to have strong effect on the cell temperature for all discharge rates. 
At higher cooling rates, the temperature gradient was found to be significant, whereas at lower 
to moderate cooling rates, the cell behaves as a lumped system. 
 Forgez, et al. [43] developed a lumped-parameter thermal model of a cylindrical 
LiFePO4/graphite battery. The internal temperature of the battery was measured by inserting a 
thermocouple into the cell under inert atmosphere to determine the input parameters for the 
model. Using this model with the surface temperature measured using a thermocouple, the 
internal temperature of the battery could be determined with an error less than 1.5oC. 
 Jeon and Baek [44] employed a model to simulate thermal behavior of cylindrical Li-
ion battery during discharge [45-50]. The transient model developed equations by assuming 
the total heat generation to be due to joule heat and entropy change for all the cell components 
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[20]. The comparison with experimental data showed similar tendency in the temperature 
profile as that of simulated one. For lower discharge rates, the highest temperature was 
observed at low SOC due to entropic heat dominant at lower SOCs [41, 46, 51] and at higher 
discharge rates the temperature increased linearly along discharge time which is due to joule 
heat being dominant [45]. The maximum temperature was observed in this case is inside the 
cell, but the difference between the maximum temperature and surface temperature was small 
[12]. 
 Nieto, et al. [52] developed a thermal model for predicting heat generation in a large 
10.5 Ah pouch type Li-ion cell based on the calculation of heat generation from internal 
resistance measured experimentally [53, 54] and the entropic heat coefficient without 
involving any complex electro-chemical models [43]. Predictions from the model are 
compared with experimental adiabatic calorimetry data. This model is very versatile; it can 
calculate the heat generated by the cell at any current condition, SOC and temperature making 
it possible to understand how design and operation variables affect the thermal behavior of the 
cells tested during charge and discharge processes. 
 Al-Hallaj and Selman [55] investigated the use of phase change material (PCM) in the 
thermal management of Li-ion batteries in EVs/HEVs as a passive cooling system [56]. During 
the discharge of the battery, the PCM integrated in the battery acts as a heat sink. When the 
temperature of the cell exceeds that of the PCM during discharge, the heat starts flowing into 
the PCM and PCM melts absorbing the heat maintaining the constant temperature and when 
the temperature of the cell decreases during charging, the heat flows from the PCM to the cell. 
The remaining heat from the PCM is dissipated to the surroundings. It concludes that the PCM 
material should be chosen such that its operational temperature is more than the temperature 
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of the surroundings. To accommodate for extra-cold climates, a parallel heat conduction path 
may be designed into the PCM system. 
 Pals and Newman [57] [58] developed two models to predict the thermal behavior of 
the Lithium/polymer battery. One of them is the one-cell model and one dimensional model 
for predicting the thermal behavior of the Lithium negative electrode/solid 
polymer/separator/insertion positive electrode cell. The other is the cell-stack model which is 
one dimensional model that uses heat generation rates calculated by the one cell model to 
predict temperature profiles in cell stacks. The one cell model is based on the model of Doyle, 
et al. [15] with the addition of an energy balance in the form given by Bernardi, et al. [20]. 
Heat transfer to the surroundings is considered by defining a position dependent heat transfer 
coefficient for various cells in a cell stack. 
 Doyle, et al. [15] presented a full cell model for galvano static charge and discharge of 
a Lithium anode, solid polymer electrolyte, and insertion composite cathode [59] using 
concentrated solution theory. This model includes a wide range of polymeric separator 
materials, Lithium salts, and composite insertion cathodes [60]. The velocity of the polymer is 
assumed to be zero and volume changes in the system are neglected. Film formation at the 
Lithium/polymer interface also is neglected. The composite cathode is modeled using porous 
electrode theory with both kinetic and diffusional resistances to solid phase transport. The 
results of a simulation of the charge/discharge behavior of the Li/PEO8-LiCF3SO3/TiS2 system 
are presented.  
 Bernardi, et al. [20] developed a general energy balance for battery systems which is 
useful for estimating cell thermal characteristics. The model incorporates the changes in the 
temperature of the cell due to electrochemical reactions, phase changes, mixing effects, and 
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joule heating in a complete and general manner. The energy balance is applied to the 
mathematical model of LiAl/FeS cell discharged through two different reaction mechanisms. 
The results show that the processes involved in the heat generation of a cell may be complex, 
so the application of a general energy balance equation is useful. 
 Chacko and Chung [61] developed a transient three-dimensional electro-thermal cell 
model based on finite element method, to predict the electrical and thermal behavior of a Li-
ion polymer. This model is validated based on experimental data. The cell level thermal 
behavior under stressful conditions was predicted with the model. The cell temperature and the 
cell voltages are accurately predicted using this model. 
Somasundaram, et al. [62] developed a 2-D coupled thermal-electrochemical model for 
commercially available spiral-wound Li-ion battery [63] and analyzed the effect of the 
geometry and passive thermal management with PCM during discharge[64-66]. The depletion 
of the active material was found to be larger at the outer end of the spiral for the positive 
electrode and at the inner end of the spiral for the negative electrode than at the remaining 
parts, where it is utilized uniformly. The PCM is found to have reducing effect on the average 
temperature of the battery at higher discharge rates.  
 Taheri, et al. [67] developed a three-dimensional closed form analytical model [68] 
based on integral transformation technique [69] to investigate the thermal response of the 
batteries. This model accounts for multi-dimensional heat conduction, orthotropic thermal 
conductivities, time dependent and temperature dependent heat generation terms, convective-
radiative boundary conditions [12, 70, 71]. The model is verified with the numerical data. The 
temperature rise in a prismatic li-ion polymer cell, during discharge process, was studied with 
this model by approximating the transient heat generation rate from the electrical performance 
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of the battery. Natural convection was found to be effective in keeping lower temperatures 
from low to moderate discharge rates, but forced convection or liquid cooling is required for 
more aggressive discharge conditions. 
 Jeon [72] developed two FEM based models and simulated to provide the thermal 
behavior during charge and discharge. Commercially available cylindrical (18650) battery was 
modeled in this study. The porous electrode model is simulated to estimate the Li content inside 
the particles [48, 73-76] and this value is used to simulate the transient thermo-electric model 
to predict the temperature distribution inside the cell [44]. The results suggest that the 
temperature during discharge is higher than that during charge and the temperature difference 
between charge and discharge decreases as we go for higher C-rates. The maximum 
temperature was observed below the center of the cell and the difference between maximum 
temperature and the surface temperature was small. At lower C-rates the charge temperature 
increased until of middle of charge and then decreased whereas during the discharge the 
temperature along the discharge time. At higher C-rates the temperature increased with both 
charge/discharge time. 
 Marcicki and Yang [77] presented a real-time estimation technique that is capable of 
estimating heat generation during cycling for Li-ion cells, by using a lumped energy balance 
combined with Kalman filtering to design an input observer. The method is validated for the 
reversible component of heat generation by comparing the values estimated during cycling 
with those obtained during characterization experiments. Although the method has been 
applied to the reversible component of cell heating, it is equally applicable to other heat 
sources. The method is capable of near real-time applications with minimal computational cost, 
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which presents the opportunity to incorporate estimates of the entropy of reaction in battery 
management systems. 
 Rao and Newman [78] developed a new calculation method for the heat generation 
rate, based on the general energy balance for insertion battery systems by using enthalpy 
potentials. An alternative method based on local heat generation also gives a consistent result 
when explicit effects of a concentration gradient on heat generation by an electrical current are 
neglected. The two methods give close results if the insertion electrode has a smooth OCP. On 
the other hand, a varying slope of OCP promotes a large difference between them. For a 
dynamic discharge, the conventional method significantly deviates from the present method 
and produces significant errors. 
 Thomas and Newman [79] presented two methods for computing the heat of mixing, 
one based computational method whereas other based on analytical approximation. Heat of 
mixing is termed as the heat produced during the relaxation of concentration gradients after a 
sudden interruption of current, in an electrochemical system. The magnitude of the heat of 
mixing is usually neglected in materials with sufficient transport properties to provide 
acceptable battery performance, except for heat of mixing within the insertion particles with 
large particle radius. 
 Drake, et al. [80] presented an experimental method for having in situ heat generation 
rate measurements based on the thermal response of the cell during higher discharge rates. This 
is based on simultaneous determination of the amount of the heat stored and the heat lost from 
the cell, by measuring the cell temperature and heat flux and it does not consider any 
underlying heat generation mechanisms. This method uses the volume-averaged cell 
temperature from only two discrete, point measurements, of a dried cell, to determine the 
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internal temperature of a similar undrilled cell. Strong dependence heat generation rates on C-
rate was indicated  and is in excellent agreement with theoretical models [81]. 
 Saw, et al. [82] developed a pseudo 2-D coupled thermal - electrochemical model to 
investigate the charge and discharge behavior of the commercial 18650 Lithium Iron 
Phosphate battery. The cell was dissected to obtain the physical dimensions of the cell 
components. The layer structure of the spiral wound, cylindrical casing, gasket and heat shrink 
wrapping were modeled to understand better the temperature across the cell and verified with 
experimental results. Results suggest that reaction heat was the main heat source and 
contributes 85% of the total generation during charging and discharging of the cell. The 
electrical contact resistance between the connectors and terminals of the cell was found to have 
a huge effect on the temperature gradient across the cell. 
 Hong, et al. [41] measured the heat dissipated and the heat accumulated in 
commercially available Lithium-ion cells using an accelerated calorimeter along with a battery 
cycler and precision multi-meter. An integral energy balance was used to determine the total 
heat generated in the test cell during cycling. From the measurements during temperature 
transients, the heat capacity of the test cell was found to be relatively independent of 
temperature. This values agrees relatively well with separate measurements using an adiabatic 
calorimeter which yield slightly higher values. The reversible heat effect derived from an 
energy balance was found to be exothermic during discharge and endothermic during charge. 
Using two different methods, potentiometric method and energy balance method, values were 
obtained for entropy of reaction during discharge of the cell and results showed a weak 
dependence entropic heat on temperature. A strong rate dependent exothermic heat effect was 
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detected during discharge and endothermic effect occurs during early stages of charge, 
followed by a weaker exothermic effect. 
 Viswanathan, et al. [32] measured the entropy changes in various individual cathode 
and anode materials, as well as in full cells, using an electrochemical thermodynamic 
measurement system (ETMS). LiCoO2 is found to have a larger entropy change compared to 
other cathodes. The reversible heat generation rate was found to have significant contribution 
of 700% of irreversible heat for LiCoO2 based cells at C/8 rate in the 5-40% SOC range, while 
the contribution from LiFePO4-LTO cells is 30% of irreversible heat. 
 Zhang, et al. [83] studied the charge and discharge characteristics of commercial 
LiCoO2-based 18650 cells by using various electrochemical methods. Ragone plots [84] show 
that the effect of discharge power on the energy is significantly increased with decrease in the 
temperature. The combined benefit of the high power and energy densities can be optimal only 
at temperatures of 20oC or above. Poor performance at lower temperatures is due to high charge 
transfer resistance (𝑅𝑐𝑡). The 𝑅𝑐𝑡 has strong dependence on the cell’s DOD and is much more 
sensitive to temperature change than the 𝑅𝑏 and 𝑅𝑆𝐸𝐼. 
 Srinivasan and Wang [85] analyzed the thermal behavior of Li-ion cells by using a 2-
D thermal-electrochemical model, by incorporating various sources of heat and the 
temperature dependence of the various parameters based on Arrhenius expressions. Model 
simulations were first used to show the 2D effects that can occur in cells with a large aspect 
ratio, under certain conditions. The contribution of various sources of heat at different 
operational rates is determined. Model simulations, used to estimate the thermal and electrical 
energy and the utilization of the cell at various rates, were used to gain insight into the effect 
of the electrochemistry on the heat-generation and vice versa. The model was also used to test 
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the hypothesis of using experimental voltage or calorimetric data to estimate the heat 
generation under one thermal environment, which is then used to predict heat generation under 
other environments. The use of voltage data to estimate heat generation was shown to be less 
rigorous compared to measuring this quantity directly from calorimetric data. However, this 
approach need to be used with caution as the heat generation measured under one thermal 
environment cannot be used under any other conditions. 
 Shah, et al. [81] presented an analytical model based on time dependent heat generation 
rate to predict the transient temperature field in a cylindrical Li-ion cell with an anisotropic 
thermal conduction within the cell. Experimental measurements from a thermal test cell are 
used to verify the model. 
 Kim, et al. [86] reproduced the 1D model formulated by Hatchard, et al. [33] and then 
extended it to three dimensions to include geometrical features, which are critical in large cells, 
to further understand the thermal behavior of large format Li-ion batteries. The three-
dimensional model is used to simulate the oven tests to determine the propagation of local hot 
spots in the cell. The model shows that under identical abuse conditions, the smaller cell rejects 
heat faster than the larger cell. Initially the reactions propagate in the azimuthal and 
longitudinal directions to form a hollow cylinder-shaped reaction zone, then spread to center 
core and finally propagates to the outer rim of the cell. 
 Al Hallaj and Selman [56] proposed and investigated a novel thermal-management 
system that incorporates phase-change material (PCM). A commercial finite-element (FE) 
software, PDEase2D™, was used to simulate the thermal behavior of EV battery modules with 
a PCM thermal management system. Simulation results show that the temperature profile of 
the cells integrated in the module design was substantially more uniform during discharge at 
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different rates than without PCM. The PCM system is effective in thermally sensitive batteries 
such as Li-ion and most Li-polymer batteries with a significant reversible heat effect. The heat 
generated during discharge and stored as latent heat is then largely utilized during charge, and 
a smaller part of it is transferred to the surroundings. The stored heat will be rejected to the 
module when the battery is left to relax or when its temperature drops below the melting point 
of the PCM. This is an important advantage for EV operation under cold conditions or in space 
applications where the battery temperature drops significantly when an orbiting satellite moves 
from the light to the dark side of the earth. 
 Pesaran [87] reviewed some of the problems and solutions associated with proper 
design of the battery thermal management systems. Thermal management of batteries has 
become important in both EVs and HEVs for effective operation in all climates. There are 
trade-offs between performance, functionality, volume, mass, cost, maintenance, and safety 
but a proper thermal management system should have a positive impact on overall pack. A 
thermal management system using air is less complicated, though less effective, than a system 
using liquid cooling/heating. The location of the battery pack has a strong impact on the overall 
battery thermal management. 
 Chen, et al. [12] developed a 3-D model, considering the layered-structure of the cell 
stacks, the case of a battery pack, and the gap between the both elements, to examine the 
thermal behavior of a Lithium-ion battery. Spatial dependent convective and radiation 
boundary conditions are implemented. A simplified thermal model is proposed with various 
simplifications and validated with the detailed thermal model and found to be faster with an 
error less than 0.54 K. 
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Thermal management systems needs to be properly designed to have the operating 
temperature of batteries in within a narrow optimal range. Wang, et al. [88] explored the 
thermal performance of various battery module arrangements. The effect of location of cooling 
fan on the temperature uniformity, cooling capability was analyzed. 
Thermal management system is of critical importance for a Li-ion battery pack, as high 
performance and long battery pack life can be simultaneously achieved when operated within 
a narrow range of temperature around the room temperature. An efficient thermal management 
system is required to keep the battery temperature in this range, despite widely varying 
operating conditions. Basu, et al. [89] introduced a novel liquid coolant based thermal 
management system, for 18,650 battery pack, which is designed to be compact and economical 
without compromising safety and constructed a coupled three-dimensional electrochemical 
model for the proposed pack. The model is used to evaluate the effects of different operating 
conditions like coolant flow-rate and discharge current on the pack temperature. Contact 
resistance is found to have the strongest impact on the thermal performance of the pack. From 
the numerical solution, a simple and novel temperature correlation of predicting the 
temperatures of all the individual cells given the temperature measurement of one cell is 
devised and validated with experimental results. Such coefficients have great potential of 
reducing the sensor requirement and complexity in a large Li-ion battery pack, typical of an 
electric vehicle. 
 Sun, et al. [90] developed a three-dimensional to simulate the thermal behavior of 
battery cells in a pack which incorporates a 3-D CFD pack-level sub-model, a 1-D battery pack 
network sub-model, and a 3-D thermal-electrochemical coupled cell/module level sub-model 
to predict the non-uniform heat generation rate, temperature distribution in the battery and the 
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temperature variation across the pack. It is verified with physical tests and a good correlation 
is found. 
 Fan, et al. [91] performed three-dimensional transient thermal analyses of an air-cooled 
module with air cooling through evenly-spaced channels on both sides of each cell and found 
that lowering the gap spacing and/or increasing flow rate of the fan lead to a decrease of the 
maximum temperature rise. Analyzing numerous designs, it is concluded that the temperature 
gradients along the air flow direction can be affected but cannot be avoided. 
 Guo and White [92] proposed a numerical method that can be used to reduce the 
computational difficulties in modeling the electrical and thermal behavior of a spirally wound 
cylindrical Li-ion cell. By analyzing the winding locus of the electrodes, some important 
geometric relationships of the spiral surfaces are identified, and algorithms for coordinate 
transform and variable extrusion between 2-D and 3-D domains are derived. The accuracy of 
variable extrusion could be improved by using more effective approximation approaches to 
express variables as explicit functions of 2-D coordinates. This numerical method enables the 
jellyroll model to be solved without using extremely fine mesh and thus greatly lowers the 
memory requirements saves computation time. 
 Zhao, et al. [93] developed a flexible hydrogen-based BTMS based on cost effective 
sodium-polyacrylate and can be arbitrarily shaped and conveniently packed to accommodate 
any Li-ion stacks. This BTMS is tested through a series of high-intensity discharge and 
abnormal heat release processes, and its performance is compared with three classical BTMS. 
The test results demonstrate that the proposed low-cost, space-saving, and contour-adaptable 
BTMS is a very economic and efficient approach in handling the thermal surge of Li-ion 
batteries. Based on the high moisture content, the hydrogel based BTMS keeps the most 
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advantages of water (i.e., high specific heat capacity and medium heat conductivity) and in the 
meantime, the mobility of water is prevented. In discharge tests, the proposed hydrogel BTMS 
shows its effectiveness in dissipating the generated heat from the battery packs without 
requiring an additional power supply. The advantage of hydrogel BTMS in dealing with 
extreme conditions is also tested through a series of nail penetration tests. Relying on its high 
resistance, high viscosity and high specific heat capacity, the proposed hydrogel based BTMS 
can either extend the safety time or prevent the occurrence of thermal runaway, and the 
voltages of the battery cells after the penetration testing can remain at a high level. The 
proposed hydrogel based BTMS is targeted to stationary or mobile battery packs that require 
a compact, accessible, and power-saving cooling system to suppress the unexpected thermal 
surge or runaway under normal and extreme conditions. This BTMS can be implemented in an 
open or a closed structure to address the problems associated with evaporation, humidity and 
volume change during phase change, and the packaging of the proposed cooling system can be 
customized based on the size and shape of the electric device. 
 Zhao, et al. [94] established numerical simulation for air cooling in battery models for 
cylindrical Lithium-ion battery pack and carried a detailed parametric investigation to study 
effects of parameters on the performance of thermal management of the battery pack.  
 He and Ma [95] studied the problems associated with thermal management systems of 
batteries under extreme hot conditions. Due to the difficulty of conducting experiments under 
extreme conditions, they first conducted controlled experiments to validate their CFD models 
then the CFD models were used to study the various issues of thermal management systems in 
batteries. The design and optimization involves a trade-off between several aspects and the 
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results obtained illustrate both the conflicting nature of these aspects and an improved design 
obtained when all these aspects are balanced properly. 
 Song, et al. [96] established an electrochemical–thermal coupling model based on the 
finite element method to simulate the thermal behavior of LiFePO4 Lithium ion battery during 
charge–discharge process, and the effect of operational rate and ambient temperature. The heat 
generation rate in the battery increases as charge–discharge proceeds. At high rates, the 
irreversible heat is the major contributor while at low rates, reversible heat dominates. Effect 
of the ambient temperature on the cell temperature is found to be significant.  
 Daud, et al. [97] presented and validated an electro-thermal model for Lithium ion 
batteries in automotive applications, which is implemented in OpenFOAM software to link the 
thermal losses inside battery cells to radiation and forced convection. Heat sources are assumed 
to be present at the connectors and are calculated as a function of battery discharge current and 
internal resistance and simulation results are validated against experimental results. 
Most of the thermal models and coupled electro-chemical models developed today are 
mathematical models based solely on theoretical analysis. Though, using this models, we can 
analyze numerous cases which otherwise might not be possible by using experiment models, 
they have many assumptions and approximations and may not be accurate since they do not 
consider a lot many things that might come into play while the battery is operated in real case 
scenarios. By using experimental models, we can have data on the cell which is more closely 
related to the battery operating practical conditions. And, theoretical models need to be 
validated by experimental data. Coming to the experimental models existing, they generally 
use accelerated rate calorimetry (ARC) for their experiments. Calorimeter provides an 
adiabatic environment when it detects an exothermic reaction and collects temperature, 
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pressure and time data during the entire process and generates the heat generation rates. The 
cost involved with this equipment is too high, so it is limited to very few highly funded 
laboratories. Even in such labs, the experiment cost involved limits the number of experiments 
that could be done or number of times an experiment can be repeated. Also, since we cannot 
carry this equipment to wherever necessary, the experiments must be done only in those 
laboratories, rendering the ability to carry in situ experiments. Also, the limited access of this 
equipment to a very few laboratories limits the amount of research that could be done into 
thermal analysis of Lithium ion batteries experimentally.  
 
 
Figure 9. Accelerating rate calorimeter (ARC) [98]. 
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There are very few experiments done to quantify the amount of heat generation in 
cylindrical cells with NMC and graphite as cathode and anode respectively. Zhang, et al. [99] 
designed and manufactured 18650 Li-ion cells with LiNi1/3Co1/3Mn1/3O2 (NCM) and graphite 
as positive and negative electrode materials, respectively and with multiple micro 
thermocouples embedded inside their jelly rolls. Arbin BT2000 cycler is used to control the 
overall current/ voltage of the experimental cell and T-type micro thermocouples are used for 
measurement of internal temperatures. Temperatures distributions along the radial direction of 
these cells are obtained and effects of various important operating parameters, including 
discharge C-rate, ambient temperature and cooling condition on the temperature distribution 
are investigated. Correlation between relative temperature gradient in radial direction and 
cooling coefficient is investigated which indicate that the assumption of uniform temperature 
distribution is applicable under natural cooling conditions but not applicable under strong 
forced convection cooling conditions. 
 Ji, et al. [100] developed an electrochemical-thermal coupled model, incorporating 
concentration and temperature dependent transport properties and is validated against 2.2 Ah 
18650 cylindrical cells with LiNi1/3Co1/3Mn1/3O2 (NCM) and graphite as positive and negative 
electrode materials respectively, over a wide range of temperatures and discharge rates. 
Simulation and experimental results demonstrate the dramatic effects of cell self-heating upon 
electrochemical performance. 
 Chacko and Chung [61] developed the fully coupled, three-dimensional transient 
electro-thermal model for time-dependent, thermal behavior of a Li-ion polymer cell based on 
finite volume method. The model is validated by testing a high-energy density Li-ion polymer 
pouch cell, with graphite anode and LiNi1/3Co1/3Mn1/3O2 (NCM) cathode with nominal 
 44 
 
capacity of 20 Ah, in a climatic chamber for electric load cycles consisting of various charge 
and discharge rates. 
A robust, calorimeter-free experimental method to quantify the total amount of heat 
generated in an 18650 cylindrical Li-ion cell is presented in this work. The method uses inverse 
heat-transfer analysis to quantify the total amount of heat generated in the cell from the surface 
temperature measurements of the cell during an electro-chemical operation of the cell. The 
model does not consider any of the individual electrochemical reactions taking place in the 
cell. It considers only the net heat generated in the cell, which is the result of all the 
electrochemical reactions occurring, thermo-physical properties of all the cell components. 
The model predicts the amount of heat generated in the cell by measuring the surface 
temperature of the cell which is the resultant of the amount of heat generated in the cell and 
amount of heat transferred from the cell to the surroundings. After quantifying the total heat 
generation, the contribution of individual sources of heat generation is quantified. The total 
heat generated in the cell is assumed to be only due to the irreversible joule heat and reversible 
entropic heat. 
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CHAPTER III  
CALORIMETER FREE HEAT QUANTIFICATION 
Methodology 
Experimental setup 
The commercially available Panasonic CGR18650CG cylindrical Li-ion battery with 
2250 𝑚𝐴ℎ capacity is used for testing. The cell is connected to arbin BT2000 battery cycler 
and Type-K thermocouple is attached to the surface of the cell using thermal conducting tape 
which is used for collecting cell surface temperature measurements and is connected to the 
auxiliary system of the arbin. This entire setup is placed in a space which is closed as shown 
in Figure 10, to prevent sudden fluctuations in temperature and maintain near constant ambient 
room temperature.  
 
 
Figure 10. Experimental setup of Panasonic CGR18650CG battery. 
 
MSDS of the cell 
 Positive electrode – Lithium nickel manganese cobalt oxide (NMC), 20-35wt% 
 Negative electrode – Carbon, 10-20wt% 
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 Enclosure – Plastic 
 Safe voltage limits: 2.8 V ~ 4.2 V 
 
Table 1. MSDS of the CGR18650CG cell 
Nominal voltage 3.6 V 
Standard capacity 2250 mAh 
Dimensions 
Diameter 18.6+0/-0.7 mm 
Height 65.2+0/-1.0 mm 
Weight Approx. 45 g 
 
Protocol 
Initially, a fresh 18650 cell is taken and formation cycles are done on it using the 
following protocol 
a. Charge the cell at C/20 cycling rate till it reaches upper cut-off voltage, 4.2 V. 
b. Rest the cell for one hour. 
c. Discharge the cell at C/20 cycling rate till it reaches lower cut-off voltage of 2.8 V 
d. Rest the cell for one hour. 
e. And repeat the steps a to d for two times. 
After formation cycles, the cell is cycled using the following constant current “rest-
charge-rest-discharge” protocol. 
a. Allow the cell to rest for one hour after formation cycles. 
b. Then charge the cell at constant current (CC) corresponding to one of the C-rate: C/5, 
C/2, 1C, 2C, 3C, 4C with upper cut-off voltage as 4.2V. 
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c. Rest the cell for 2 hours after charge. 
d. Now discharge the cell at constant current (CC) corresponding to one of the C-rate: 
C/5, C/2, 1C, 2C, 3C, 4C with lower cut-off voltage as 2.8V. 
e. Rest the cell for 2 hours after discharge. 
f. Repeat the steps g to j for 10 charge-discharge cycles for each of the C-rate: C/5, C/2, 
1C, 2C, 3C, 4C, with the same voltage window of 2.8V ~ 4.2V. 
Thermal modeling and analysis 
The thermal response (i.e. temperature rise) is a function of thermo-physical properties 
of battery as well as electrochemical operation. Mathematically these various aspects are 
strongly coupled and governed by 
a. Mass/species balance 
b. Charge balance 
c. First law of thermodynamics 
Batteries being composed of a complex electrode microstructure and multiple material 
phases, accurate quantification of every parameter and material property become cumbersome. 
Thence, if possible an alternate simplified strategy should be developed to quantify heat 
generation rates as a function of electrochemical operation. This technique has quite many 
assumptions and should be used with care. 
1. 18650 cells have small enough thermal mass and large enough thermal conductivity for 
them to be represented by a single temperature by lumped capacitance model. This can 
also be quantified by using dimensionless quantity, Biot number (𝐵𝑖), which is the ratio 
of internal conductive resistance over surface convective resistance 
𝐵𝑖 =
ℎ𝐿
𝑘
= 0.015 ≪ 0.1 
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Taking effective thermal conductivity (𝑘) for 18650 cell as 3 W/m-K; convective heat 
transfer coefficient (ℎ) as 10 W/m2-K for air and 𝐿=Volume of cell/Area of cell (where 
volume = 
𝜋𝐷2𝐻
4
, area = 𝜋𝐷𝐻, diameter of cell (𝐷) =18.6 mm, height (𝐻) =65.2 mm), 𝐵𝑖 
number is 0.015, so lumped heat capacitance model is valid. 
2. The surface temperature of the cell is a resultant of the total heat generated in the cell 
and the total amount of heat transferred to the surroundings. 
3. The heat transferred from the cell to the surroundings is assumed to be only by 
convection heat transfer. 
With all these assumptions, starting from an energy balance in the cell, the thermal 
balance equation can be given by 
Equation 1:   𝒎𝑪𝑷
𝒅𝑻
𝒅𝒕
= −𝒉𝑨(𝑻𝒄𝒆𝒍𝒍 − 𝑻∞) + ?̇?𝒈𝒆𝒏 
Where 𝑚 is the mass of the cell (0.044 𝑘𝑔); 𝐶𝑃 is the heat capacity of the cell  
(840 
𝐽
𝑘𝑔−𝐾
); ℎ is convective heat transfer coefficient; 𝐴 is the area of cell exposed to 
environment (0.0044 𝑚2); 𝑇𝑐𝑒𝑙𝑙 is the temperature of the cell; 𝑇∞ is the ambient temperature 
(𝑇𝑎𝑚𝑏); ?̇?𝑔𝑒𝑛 is the total heat generation in the cell (?̇?𝑔𝑒𝑛 = ?̇?𝑔𝑒𝑛𝑉, where ?̇?𝑔𝑒𝑛 is volumetric 
heat generation rate; 𝑉 is the volume of the cell (0.17716e-04 𝑚3). 
Since the surface temperature of the cell, ambient temperature, current and voltage 
during charge and discharge are measured using arbin system and as we already know the 
mass, specific heat capacity and area of the cell, the only unknowns left in Equation 1 are 
a. Total heat generation rate (?̇?𝑔𝑒𝑛) and 
b. Film coefficient for convection from cell surface (ℎ) 
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Figure 11. Schematic of energy balance in a cell with necessary assumptions. 
 
During any electrochemical operation both the terms on the right-hand side are active. 
But if we consider enthalpy of mixing to be small, there is no heat generation during rest period 
of the cell. This fact can be used to back compute heat transfer coefficient, ℎ, from the 
temperature data available during rest period. Then heat generation rate, ?̇?𝑔𝑒𝑛, can be 
quantified by from temperature data during charging and discharging combined with heat 
transfer coefficient value obtained from data during rest period. This process can be 
represented using the following Figure 12 and Figure 13. 
i) During rest period, the schematic of energy balance is as shown in Figure 12. 
 
 
Figure 12. Schematic of analysis on cell during rest period. 
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ii) And during charging and discharging operation, the schematic of energy balance is 
given as shown in Figure 13. 
 
 
Figure 13. Schematic of analysis on the cell during charge/discharge operation. 
 
The corresponding governing equation for rest period after analyzing Equation 1 is 
given by 
Equation 2:   𝒎𝑪𝑷
𝒅𝑻
𝒅𝒕
= −𝒉𝑨(𝑻𝒄𝒆𝒍𝒍(𝒕) − 𝑻∞) 
Or, 
𝑑𝑇
𝑑𝑡
= −
1
𝜏
(𝑇𝑐𝑒𝑙𝑙(𝑡) − 𝑇∞) 
Where, time constant (𝜏) =
𝑚𝐶𝑃
ℎ𝐴
; 
Assuming the ambient temperature to be a constant and integrating Equation 2 by 
applying the limits on cell temperature and time, we arrive as follow: 
∫
𝑑𝑇
𝑇𝑐𝑒𝑙𝑙(𝑡) − 𝑇∞
= − ∫
𝑑𝑡
𝜏
𝑡
0
 
𝑇
𝑇0
  
ln(𝑇𝑐𝑒𝑙𝑙(𝑡) − 𝑇∞)|𝑇0
𝑇 = −
𝑡
𝜏
|
0
𝑡
 
Equation 3:   𝐥𝐧 (
𝑻𝒄𝒆𝒍𝒍(𝒕)−𝑻∞
𝑻𝟎−𝑻∞
) = −
𝒕
𝝉
 
Or,  
 (𝑇𝑐𝑒𝑙𝑙(𝑡) − 𝑇∞) = (𝑇0 − 𝑇∞) exp (−
𝑡
𝜏
) 
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From the experimental data, the values of 𝑇𝑐𝑒𝑙𝑙(𝑡), 𝑇∞ and 𝑡 are available which reduces 
finding of 𝜏 to a curve fitting problem. Fitting the given data set using non-linear least square 
regression method by rearranging Equation 3 to the following form 
Equation 4:   𝒚 = 𝒇(𝒙, 𝜶) + 𝜷 
Where, 𝑦 = 𝑇𝑐𝑒𝑙𝑙(𝑡), 𝑓(𝑥, 𝛼) = (𝑇0 − 𝑇∞) exp (−
𝑡
𝜏
) and 𝛽 = 𝑇∞, we can get τ value 
that best fits the data, which can later be used to quantify the total amount of heat generation.  
 
 
Figure 14. 𝑻𝒄𝒆𝒍𝒍, 𝑻∞ vs. time during the rest period for the cell cycling at 1C-rate. 
 
This whole formulation is based on assumption of constant ambient temperature 
which might be difficult in practice without using a sophisticated closed loop control system. 
But the formulation can be still applied if the changes in the value of 𝑇𝑐𝑒𝑙𝑙(𝑡) are about an 
order of magnitude greater than the fluctuations in 𝑇∞. Graphically this zone is determined 
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by simultaneously plotting )(tTcell  and T . Once thermal equilibrium is established, changes 
in  )(tTcell quite closely follow that in T  as shown in Figure 14. Once the curve that best fits 
the temperature and time data by using Equation 4 is obtained, the goodness of the fit can be 
determined by calculating R-squared value as shown in Table 2. 
 
Table 2. Calculating R-squared value to determine the goodness of fit 
a. Mean temperature, 𝑇𝑚𝑒𝑎𝑛 =
1
𝑛
∑ 𝑇𝑐𝑒𝑙𝑙(𝑖)
𝑛
𝑖=1 , 
b. Total sum of squares, 𝑆𝑆𝑡𝑜𝑡 = ∑ (𝑇𝑐𝑒𝑙𝑙(𝑖) − 𝑇𝑚𝑒𝑎𝑛)
2𝑛
𝑖=1 , 
c. Residual sum of squares, 𝑆𝑆𝑟𝑒𝑠 = ∑ (𝑇𝑐𝑒𝑙𝑙(𝑖) − 𝑇𝑓𝑖𝑡(𝑖))
2
𝑛
𝑖=1  
 And R-squared value, 𝑅2 = 1 −
𝑆𝑆𝑟𝑒𝑠
𝑆𝑆𝑡𝑜𝑡
 
Where n is total number of data points during the test and 𝑇𝑓𝑖𝑡 is the fitted temperature 
data. 
 
Results and discussions 
The following plots from Figure 2 to Figure 13 shows the experimental and correlated 
temperature data during rest after charge and rest after discharge of the cell at various C-rates: 
C/5 to 4C with 𝑅2 value representing the goodness of correlation. 
From Figure 15 to Figure 20, we can see the goodness of fit for all the curves is pretty 
much high, greater than 90%, which indicates that fitted data closely represents all the 
variations that exists in the original data and visual inspection of plots shows that the fitted 
curves are valid. After τ values are obtained from fitting the temperature and time data 
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collected during the operation of the cell with Equation 4, the convective heat transfer 
coefficient values (ℎ) are calculated by using the following relation: 
𝜏 =
𝑚𝐶𝑝
ℎ𝐴
 
The convective heat transfer coefficient values calculated are averaged over 10 cycles 
for each of the C-rate and are as shown in Table 3. 
 
 
Figure 15. Surface temperature of the cell vs. time during rest after charge and 
discharge at C/2-rate. 
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Figure 16. Surface temperature of the cell vs. time during rest after charge 
and discharge at C/5-rate. 
 
 
 
Figure 17. Surface temperature of the cell vs. time during rest after charge 
and discharge at 1C-rate. 
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Figure 18. Surface temperature of the cell vs. time during rest after charge 
and discharge at 2C-rate. 
 
 
 
Figure 19. Surface temperature of the cell vs. time during rest after charge 
and discharge at 3C-rate. 
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Figure 20. Surface temperature of the cell vs. time during rest after charge 
and discharge at 4C-rate. 
 
 
Table 3. Average convective heat transfer coefficient values for various C-rates. 
C-rate 
Average heat transfer coefficient values (W/m2K) 
Rest after charging Rest after discharging 
C/5 6.986 6.556 
C/2 9.672 8.770 
1C 10.308 9.416 
2C 10.323 9.355 
3C 11.248 10.078 
4C 9.891 13.126 
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Voltage profiles 
The voltage profiles shown in Figure 21 clearly indicate that the both charge and 
discharge capacities decreases as we go for the higher C-rates. The decrease in voltage at the 
start of both charging and discharging is slightly steeper and by the end of discharge the 
decrease is very steep. 
 
 
Figure 21. Voltage profiles during the charging and discharging of the cell at 
various C-rates. 
 
Quantification of total heat generation 
Unlike during resting period, there will be internal heat generation genQ
.
 during charging 
and discharging of the cell, which is a function of state of charge (SOC) and C-rate. Once heat 
transfer coefficient values (h) are obtained, this total heat generation rate (?̇?𝑔𝑒𝑛) can be 
quantified by fitting the data collected during charging and discharging operation of the cell 
by simultaneously using the ℎ values calculated for respective C-rate and the fitting Equation 
5. By using the lumped capacitance model and applying energy balance over CGR18650CG 
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cell during an electrochemical operation, the governing differential equation obtained is given 
by Equation 1 as follows: 
?̇?𝑔𝑒𝑛 − ℎ𝐴(𝑇𝑐𝑒𝑙𝑙 − 𝑇∞) = 𝑚𝐶𝑃
𝑑𝑇
𝑑𝑡
 
Where 𝑇 in 
𝑑𝑇
𝑑𝑡
 corresponds to cell temperature 𝑇𝑐𝑒𝑙𝑙(𝑡). By rearranging this equation, 
Equation 5:   ?̇?𝒈𝒆𝒏 = 𝒎𝑪𝒑 (
𝒅𝑻𝒄𝒆𝒍𝒍(𝒕)
𝒅𝒕
+
𝑻𝒄𝒆𝒍𝒍(𝒕)−𝑻∞
𝝉𝒎𝒂𝒙
) 
Where 𝜏𝑚𝑎𝑥 =
𝑚𝐶𝑝
ℎ𝐴
. Here max is the time constant, which is the time by which the cell 
reaches the 63.21% of the total increase in temperature during the charging sequence 
considered. 
Given 𝑇𝑐𝑒𝑙𝑙(𝑡), it will be to obtain ?̇?𝑔𝑒𝑛 = 𝑄(𝑡, 𝐼) = 𝑄(𝑆𝑂𝐶, 𝐶 − 𝑟𝑎𝑡𝑒). To do that, it 
is necessary to accurately quantify the slope, 
𝑑𝑇𝑐𝑒𝑙𝑙(𝑡)
𝑑𝑡
, which will be used in the governing 
differential Equation 5. A typical temperature profile of an 18650-cell obtained during the 
charging operation is as shown in Figure 22.   The temperature of the cell increases with time 
during charging due to the internal heat generation, mainly contributed by  
a. Joule heating due to internal resistances and 
b. Entropic or reaction heat due to entropy changes. 
It is clear from Figure 22, the experimental data contains noise (jagged) features. Hence 
the computation for 
𝑑𝑇𝑐𝑒𝑙𝑙(𝑡)
𝑑𝑡
 must be insensitive to random noise. This rules out typical 
numerical differentiation. The plot in Figure 22 is quite like that of 𝑦 = 1 − 𝑒−𝑥, hence 
exponential correlation function is a natural choice and let the fitting function be 
Equation 6:   𝑻𝒄𝒆𝒍𝒍(𝒕) = (∑ 𝒄𝒋𝒆
−
𝒕
𝝉𝒋 𝑵𝒋=𝟏 ) + 𝒄𝑵+𝟏 
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As such, it is a non-linear regression problem, but if time constant 𝜏𝑗 is known, it 
converts to a linear regression problem. Time constants lie between 𝜏𝑚𝑖𝑛 and 𝜏𝑚𝑎𝑥. Here 
minimum time constant 𝜏𝑚𝑖𝑛 =
2
𝑓𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔
, while maximum time constant, 𝜏𝑚𝑎𝑥 can be taken 
as system’s characteristic time (𝑖. 𝑒. 𝜏𝑚𝑎𝑥 =
𝑚𝑐𝑃
ℎ𝐴
) and other time constants are geometrically 
distributed between 𝜏𝑚𝑖𝑛 and 𝜏𝑚𝑎𝑥 i.e., 
𝜏𝑚𝑖𝑛
𝜏2
=
𝜏2
𝜏3
= ⋯ =
𝜏𝑁−1
𝜏𝑚𝑎𝑥
=
1
𝑟
 
Once the coefficients of correlation are obtained, sufficient number of exponential 
terms (N) for the correlating equation is determined from goodness of correlation by 
calculating the R-squared value as shown in the Table 2. Sufficient number of exponential 
terms (N) for the correlating equation is found from R-squared value vs. no. of terms (N) plot 
(as shown in the Figure 23). 
As shown in Figure 23, for charging at 1C data, R-squared value improvement is not 
much (it stayed same) after reaching number of exponential terms in the correlating equation 
to 15 and are as tabulated in Table 4, which are used for analysis. The correlation obtained by 
such analysis is as shown in Figure 24. 
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Figure 22. Temperature profile of an 18650 cell during the charging 
operation at 1C rate. 
 
 
 
Figure 23. R-squared value vs. no. of terms in the correlating equation during 
the charging operation at 1C rate. 
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Table 4. Coefficients of all the terms used in analysis for charging at 1C-rate.  
𝑵𝒕𝒉 term in 
equation 
Coefficient value 
𝑵𝒕𝒉 term in 
equation 
Coefficient value 
1 2.2007 9 409.1796 
2 -12.9056 10 -393.9432 
3 42.1846 11 402.0323 
4 -100.2053 12 -408.3611 
5 189.6467 13 347.7408 
6 -295.6170 14 -197.6094 
7 382.5609 15 45.9359 
8 -418.1593 16  29.2308 
 
 
 
Figure 24. Fitted temperature and original temperature vs. time during the 
charging operation at 1C rate with R-squared value 0.9981. 
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Temperature profiles 
Figure 25 shows us the correlated cell temperature (𝑇𝑓𝑖𝑡𝑡𝑒𝑑) vs. capacity (in 𝐴ℎ) for 
various C-rates (C/2, 1C and 2C) during charging and discharging operation of the cell. From 
Figure 25, the temperature of the cell increases with time during both charging and discharging 
operations and this increment is more predominant as we go from lower C-rates to higher C-
rates. The temperature of the cell during discharge is a little higher than during charging for a 
same C-rate. The temperature of the cell during charging increased initially, reaches maximum 
and then slightly decreased by the end of the charging. Whereas the temperature during 
discharging increased initially then decreased slightly and again increased towards the end of 
the discharge. The temperature of the cell during both charging and discharging increased more 
rapidly as we go for higher C-rates and maximum temperature in the cell increases with C-
rate. The temperature of the cell at lower C-rate during charging/discharging remained almost 
constant (except for the small fluctuations which might be due to the fluctuations in ambient 
temperature) because the natural convection provided to the cell is sufficient to remove the 
small amounts of heat generated at such low rate of operation preventing the rise in cell 
temperature. 
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Figure 25. Correlated cell temperature (𝑻𝒇𝒊𝒕𝒕𝒆𝒅) vs. capacity (Ah) for charging 
and discharging of the cell at various C-rates. 
 
Total heat generation rates 
The governing differential equation for heat generation previously obtained in 
Equation 5 is 
?̇?𝑔𝑒𝑛 = 𝑚𝐶𝑝 (
𝑑𝑇𝑐𝑒𝑙𝑙(𝑡)
𝑑𝑡
+
𝑇𝑐𝑒𝑙𝑙(𝑡) − 𝑇∞
𝜏𝑚𝑎𝑥
) 
Where 𝑇∞ is the average ambient temperature (same as 𝑇𝑎𝑚𝑏 = 24.1870
𝑜𝐶), 𝜏𝑚𝑎𝑥 =
850𝑠, 𝑚 = 44𝑔 = 44 ∗ 10−3𝑘𝑔, 𝑐𝑃 = 830
𝐽
𝑘𝑔−𝐾
 and using Equation 6,  
𝑑𝑇
𝑑𝑡
= − ∑
𝐶𝑗
𝜏𝑗
𝑁
𝑗=1 𝑒
−
𝑡
𝜏𝑗 . 
After obtaining the necessary constants of fitting equation, 
𝑑𝑇𝑐𝑒𝑙𝑙(𝑡)
𝑑𝑡
 can be calculated 
and then heat generation rate can be quantified. Figure 26 to Figure 29 shows the amount of 
heat generation rate in the cell with charge and discharge at various C-rates: C/2, 1C, 2C, and 
3C. The rate of heat generation increases as we increase the rate of charge/discharge operation 
of the cell. The heat generation rate is slightly higher during discharge compared to charge for 
all C-rates. This is due to slightly endothermic effect of the reactions at cathode during 
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charging. The heat generation rate is more at the beginning of the charge and slightly increases 
to the middle of charge and decreases by the end of charge while the heat generation rate is 
more at the starting of discharge, decreases to the middle of discharge and increases by the end 
of the discharge. The higher heat generation at the beginning of charging and discharging is 
due to the large concentration gradients caused by the current while at the end of discharge it 
is due large ohmic drop and increased concentration potential. The rate of temperature change 
(
𝑑𝑇
𝑑𝑡
) follows the same trend as the rate of heat generation. As we go for higher C-rates heat 
generations both during charging and discharging have almost similar trends 
 
 
Figure 26. 𝑻𝒄𝒆𝒍𝒍, 
𝒅𝑻
𝒅𝒕
, rate of heat generation (?̇?𝒈𝒆𝒏) vs. time for charging and 
discharging at C/2-rate. 
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Figure 27. 𝑻𝒄𝒆𝒍𝒍, 
𝒅𝑻
𝒅𝒕
, rate of heat generation (?̇?𝒈𝒆𝒏) vs. time for charging and 
discharging at 1C-rate. 
 
 
 
Figure 28. 𝑻𝒄𝒆𝒍𝒍, 
𝒅𝑻
𝒅𝒕
, rate of heat generation (?̇?𝒈𝒆𝒏) vs. time for charging and 
discharging at 2C-rate. 
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Figure 29. 𝑻𝒄𝒆𝒍𝒍, 
𝒅𝑻
𝒅𝒕
, rate of heat generation (?̇?𝒈𝒆𝒏) vs. time for charging and 
discharging at 3C-rate. 
 
The average values of heat generation rate (?̇?𝑔𝑒𝑛) at various C-rates C/5, C/2, 1C, 2C, 
3C during both charging and discharging are tabulated as shown in Table 5. 
 
Table 5. Heat generation rate for charging and discharging at different C-rates. 
C-rate 
Average value of ?̇?𝒈𝒆𝒏 
during charging (W) 
Average value of ?̇?𝒈𝒆𝒏 
during discharging (W) 
C/5 0.0179 0.0125 
C/2 0.0586 0.0754 
1C 0.2480 0.2820 
2C 0.9632 1.0483 
3C 1.6188 1.7354 
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Figure 30 shows the experimental and correlated average total heat generation rates 
(?̇?𝑔𝑒𝑛) with varying C-rate: C/5, C/2, 1C, 2C and 3C rates during charging and discharging 
operation of the cell. The average heat generation rate (?̇?𝑔𝑒𝑛) data is correlated using following 
equations 
a. For charging 
𝑓(𝑥) = 0.0844𝑥2 + 0.3286𝑥 − 0.0977 
b. For discharging 
𝑓(𝑥) = 0.0794𝑥2 + 0.3860𝑥 − 0.1135 
Where, 𝑓(𝑥) is the fitting function which gives heat generation rate values and 𝑥 is the 
C-rate. The trends in heat generation rates calculated are like the trends followed by heat 
generation rates generated by Accelerated Rate Calorimetry (ARC) from the literature. 
 
 
Figure 30. ?̇?𝒈𝒆𝒏 vs. C-rate for original data and fit data during charging and 
discharging for various C-rates. 
  
           𝑓(𝑥) = 0.0844𝑥2 + 0.3286𝑥 − 0.0977 
           𝑓(𝑥) = 0.0794𝑥2 + 0.3860𝑥 − 0.1135 
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CHAPTER IV  
QUANTIFYING SOURCES OF HEAT GENERATION 
Sources of heat generation 
Now as the total amount of heat generated in a cylindrical Li-ion cell can be quantified 
experimentally, it is essential to quantify the contribution of individual sources towards the 
total heat generation rate. The major sources of heat generation are assumed to be irreversible 
ohmic heat and reversible entropic heat. Heat generation rates due to concentration gradients 
are assumed to be negligible. So, the total heat generation is given by 
Equation 7:    ?̇?𝒈𝒆𝒏 = ?̇?𝒓𝒆𝒗 + ?̇?𝒊𝒓𝒓 
Where, ?̇?𝑟𝑒𝑣 is the reversible heat generation and ?̇?𝑖𝑟𝑟 is the irreversible heat 
generation. Irreversible heat generation (?̇?𝑖𝑟𝑟) is always exothermic and is given by 
Equation 8:    ?̇?𝒊𝒓𝒓 = 𝑰(𝑽 − 𝑼) = 𝑰
𝟐𝑹𝒊𝒏 
Where, 𝐼 is the current in the cell which is negative during discharge and positive during 
discharge; 𝑉 is cell potential, 𝑈 is open circuit potential. Difference between 𝑉 and 𝑈 is the 
cell over-potential, 𝜂𝑐𝑒𝑙𝑙 = (𝑉 − 𝑈) and is an indicative of irreversibilities such as ohmic 
losses in the cell, charge transfer over potentials at the interface and mass transfer limitations. 
The product of cell over potential (𝜂𝑐𝑒𝑙𝑙) and cell current (𝐼) is known as polarization heat and 
is composed of joule heating within battery as well as the energy dissipated in electrode over 
potentials. And 𝑅𝑖𝑛 is the internal resistance of the cell (Ω), which is the sum of ohmic, 
activation and diffusion polarization resistances and is given by cell over potential (𝜂𝑐𝑒𝑙𝑙) 
divided by cell current (𝐼) 
Equation 9:    𝑹𝒊𝒏 =
𝜼𝒄𝒆𝒍𝒍
𝑰
=
𝑽−𝑼
𝑰
 
 69 
 
And reversible heat generation, ?̇?𝑟𝑒𝑣  is the entropic heat and can be either endothermic 
or exothermic at various state of charges (SOCs), with the signs being opposite for charge and 
discharge and is given by the equation 
Equation 10:    ?̇?𝒓𝒆𝒗 = 𝑻𝚫𝑺 (
𝑰
𝒏𝑭
) 
Where 𝐼 is the current in the cell, 𝑇 is the temperature, Δ𝑆 is the total entropy change, 
𝑛 equals number of electrons per reaction, and 𝐹 is the faraday constant. And total entropy 
change of cell is given by 
Δ𝑆 =
𝑛𝐹𝜕𝑈
𝜕𝑇
 
Where, Δ𝑆 = Δ𝑆𝑐 + Δ𝑆𝑎 = 𝑛𝐹 (
𝜕𝑈𝑐
𝜕𝑇
+
𝜕𝑈𝑎
𝜕𝑇
) 
Where Δ𝑆𝑐 is entropy change corresponding to cathode and Δ𝑆𝑎 is the entropy change 
corresponding to anode; 
𝜕𝑈
𝜕𝑇
 is the derivative of potential (𝑈) with respect to the Temperature 
(𝑇) and is called entropic heat coefficient or temperature coefficient. By adopting positive sign 
for exothermic heat, the sign of entropic heat during discharge is negative and during charge 
is positive for exothermic heat and opposite for endothermic heat. So, the ?̇?𝑟𝑒𝑣 is also given 
by 
Equation 11:    ?̇?𝒓𝒆𝒗 = 𝑰𝑻 (
𝝏𝑼
𝝏𝑻
) 
By substituting ?̇?𝑟𝑒𝑣 and ?̇?𝑖𝑟𝑟 terms in Equation 7, we get 
Equation 12:    ?̇?𝒈𝒆𝒏 = 𝑰(𝑽 − 𝑼) + 𝑰𝑻 (
𝝏𝑼
𝝏𝑻
) 
Or,  
?̇?𝑔𝑒𝑛 = 𝐼
2𝑅𝑖𝑛 + 𝐼𝑇 (
𝜕𝑈
𝜕𝑇
) 
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Quantifying ?̇?𝑟𝑒𝑣 needs to quantify entropic coefficient term (
𝜕𝑈
𝜕𝑇
) and quantifying ?̇?𝑖𝑟𝑟 
needs to quantify 𝑅𝑖𝑛. 
Quantifying reversible heat generation rate  
From Equation 11,  in  order to quantify reversible heat generation we need to quantify 
the entropic coefficient which relates change in open circuit voltage (OCV) to change in 
temperature at various state of charges. CGR18650CG cylindrical Li-ion battery is charged 
and discharged at various C-rates: C/10, C/20, C/50, C/100 using the following protocol:  
a) The cell is placed in the thermal chamber at 25oC ambient temperature and rested for 5 
hours for the cell to reach thermal equilibrium with ambient. 
b) It is then charged at constant current rate with current corresponding to one of the above 
C-rate till it reaches the cut-off voltage of 4.2 V. 
c) Then it is rested for 2 hours to reach both thermal and voltage equilibria. 
d) It is then discharged at same current as charging till the lower cutoff voltage of 2.8 V 
is reached. This is repeated for 2 cycles at various ambient temperatures. 
As we go for lower cycling rates, the voltage profile approaches OCV and the trends 
in the voltage reflects the trends in OCV. The shift in voltage profile decreases as we for lower 
C-rates and it is clear from Figure 31 that the shift in voltage profile is very less from C/20 to 
C/100 compared to the shift from C/10 to C/20 and it is very close to the open circuit voltage 
(OCV). So, the voltage profile during C/20 cycling rate is considered to represent the OCV 
and all the tests for OCV are carried at C/20 cycling rate. The 18650-cylindrical battery is 
charged and discharged using following protocol: 
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a) The cell is placed in the thermal chamber at desired ambient temperature (25oC, 40oC 
and 50oC) and rested for 5 hours for the cell to reach thermal equilibrium with ambient. 
b) It is then charged at constant current rate with current corresponding to C/20 rate till it 
reaches the cut-off voltage of 4.2V. 
c) Then it is rested for 2 hours to reach both thermal and voltage equilibria. 
d) It is then discharged at same current as charging till the lower cutoff voltage of 2.8V is 
reached. This is repeated for 2 cycles at various ambient temperatures. 
 
 
Figure 31. Voltage profiles during charging and discharging the cell at C/20-rate 
with different ambient temperatures.  
 
Figure 32 shows the voltage vs. capacity profiles for charging and discharging the cell 
at C/20 rate at various ambient temperatures: 25oC, 40oC, 50oC. It can be seen from Figure 32 
that the variation of voltage is very small over a wide range of temperatures i.e. less than 5 mV 
over 25oC to 50oC while operating at very low C-rate (C/20-rate). Since the change in voltage 
is very less over wide range of temperatures and as we are assuming this voltage very close to 
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open circuit voltage, we can say entropic coefficient (
𝑑𝑈
𝑑𝑇
) value is very low at C/20 rate. The 
contribution of reversible entropic heat is major at low C-rates like C/20 rate and irreversible 
ohmic heat is negligible. But based on variation in OCV value with temperature at C/20 rate, 
the reversible heat generation rate appears to be very small, so if we go for higher C-rates 
(operating rates generally used in all applications) where contribution of reversible heat is very 
low and irreversible heat is a major contributor, we can safely neglect the contribution of 
reversible heat at higher operational rates. So, we need to quantify only irreversible heat 
generation rate and can assume it to be total heat generation rate if we are operating the battery 
at higher C-rates. 
 
 
Figure 32. Voltage vs. capacity profiles for discharging the cell at C/20 rate at various 
ambient temperatures: 25oC, 40oC, 50oC. 
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Quantifying irreversible heat generation rate  
Total heat generation values at various C-rates are found to have a direct relation with 
square of current at that C-rate. 
Equation 13:   ?̇?𝒈𝒆𝒏 ∝ 𝑰
𝟐 
?̇?𝒈𝒆𝒏 = 𝒑𝑰
𝟐 
𝑝 is a proportionality constant and the values of 𝑝 for heat generation rates at various 
cycling rates are found to be close to each other. The similarity between Equation 8 and 
Equation 13 shows that internal resistance value might be the proportionality constant, so 
internal resistance values at various operation rates are calculated to investigate their relation 
with heat generation rates. The current pulse is applied while charging/discharging to calculate 
the internal resistance.  
Current pulse protocol 
a) During the charging-current pulse, a positive current of 3.375 A is provided for 100 𝑚𝑠 
and then immediately rested for 400 𝑚𝑠. 
b) During the discharging-current pulse, a negative current of 3.375 A is provided for 100 
𝑚𝑠 and then immediately rested for 400 𝑚𝑠 
Protocol used for measuring the internal resistance 
The following protocol is used to cycle the cell using the arbin cycler to calculate 
internal resistances at various state of charges during charging and discharging. 
a) The cell is setup with arbin system and is provided with initial rest of 2 hours to allow 
the cell to reach thermal equilibrium with room temperature ambient. 
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b) At the beginning of charging a charging current pulse is provided which is later used 
to calculate internal resistance and then charging is continued at desired C-rate till 
charge capacity is reached to 50 percent and then another charging current pulse is 
provided. Then the charging is continued till the voltage reaches upper cut-off voltage 
of 4.2 V. At the end of charge, a charging current pulse is applied again. 
c) The cell is rested for 2 hours to allow it to reach thermal and voltage equilibria. 
d) Just before discharge a discharge current pulse is provided and the cell is continued to 
discharge at the same rate as of charging. After the discharge capacity reaches the 50 
percent of total discharge capacity, another discharge pulse is applied and then the cell 
is continued to discharge till the voltage reaches lower cut-off voltage of 2.8 V. At the 
end of discharge, another discharge current pulse is applied and then the cell is rested 
for 2 hours. 
e) This process is repeated for 3 cycles for each C-rate: C/5, 1C, 2C, 3C and 4C. 
The current pulses are applied as shown in Figure 33 and then the internal resistance 
can be calculated from the current pulse as shown in Figure 34. By rearranging Equation 9 
Equation 14:    𝑹𝒊𝒏𝒕 =
𝑽𝟏−𝑽𝟐
𝑰𝟏−𝑰𝟐
=
𝚫𝑽
𝚫𝑰
 
Where 𝑉1 is the terminal voltage of the cell at end of the application of current during 
the pulse period, 𝑉2 is the voltage at the start of rest period during pulse, 𝐼1 is the current value 
at the end of application of current and 𝐼2 is the current at the start of rest period during pulse 
period. 
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Figure 33. Voltage, current vs. time plot for “charge-rest-discharge-rest” loop at 1C-
rate. A, B, C, D, E, F are the points where current pulses are applied. 
 
 
 
Figure 34. Voltage, current vs. time for current pulse at point B during charging as 
shown in Figure 33. 
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Results and discussions 
The average values of internal resistance calculated at various SOCs for different C-
rates: C/5, C/2, 1C, 2C are as shown in Table 6.  
 
Table 6. Average internal resistance values at various SOC during cycling of the battery 
at different C-rates. 
Various SOCs 
Average value of internal resistance (r) (𝒎𝛀) 
C/5 -  rate C/2 – rate 1C - rate 2C - rate 
A) Before charging 52.61 53.49 52.33 51.57 
B) During charging (at 50% charge capacity) 49.77 50.26 48.49 46.30 
C) After charging 48.05 49.42 47.26 45.71 
D) Before discharging  48.32 50.22 49.99 50.06 
E) During discharging (at 50% discharge 
capacity) 
50.04 52.31 51.44 51.48 
F) After discharging 52.92 55.18 53.43 52.01 
 
 
Table 7. Internal resistances calculated from total heat generation rates and by applying 
current pulse for different C-rates. 
C-rate Internal resistance (
?̇?𝒈𝒆𝒏
𝑰𝟐
) Average internal resistance (
𝚫𝑽
𝚫𝑰
) 
C/2 52.938 53.39 
1C 52.345 52.66 
2C 49.666 49.27 
 
The internal resistance values calculated from total heat generation rate and by applying 
current pulse for various C-rates are as shown in Table 7. The internal resistance values at 
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various state of charges over 3-cycles during charging and discharging the cells at various C-
rates: C/2 to 4C. 
 
Table 8. Internal resistance values at various SOC during charge-discharge cycles at C/2-
rate. 
Cycle 
no. 
Internal resistance (𝒎𝛀) 
Before 
charge 
At 50% 
of charge 
After 
charge 
Before 
discharge 
At 50% of 
discharge 
After 
discharge 
Average 
value 
Standard 
deviation 
Cycle 1 63.53 53.36 50.83 43.13 44.33 63.95 53.19 8.24 
Cycle 2 63.31 54.20 51.25 42.94 44.51 63.96 53.37 8.19 
Cycle 3 63.52 54.20 51.04 43.63 44.74 63.74 53.48 8.02 
 
 
 
Figure 35. Average internal resistance for each cycle over 3 charge-discharge cycles 
at C/2 rate. 
 78 
 
Table 9. Internal resistance values at various SOC during charge-discharge cycles at 1C-
rate. 
Cycle 
no. 
Internal resistance (𝒎𝛀) 
Before 
charge 
At 50% 
of charge 
After 
charge 
Before 
discharge 
At 50% of 
discharge 
After 
discharge 
Average 
value 
Standard 
deviation 
Cycle 1 60.35 51.46 49.55 43.36 44.58 63.32 52.11 7.45 
Cycle 2 60.55 52.30 49.55 43.19 44.74 63.73 52.35 7.59 
Cycle 3 60.98 52.71 49.96 43.59 44.77 63.94 52.66 7.61 
 
 
 
Figure 36. Average internal resistance for each cycle over 3 charge-discharge cycles 
at 1C rate. 
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Table 10. Internal resistance values at various SOC during charge-discharge cycles at 
2C-rate. 
Cycle 
no. 
Internal resistance (𝒎𝛀) 
Before 
charge 
At 50% 
of charge 
After 
charge 
Before 
discharge 
At 50% of 
discharge 
After 
discharge 
Average 
value 
Standard 
deviation 
Cycle 1 52.94 48.70 46.79 42.71 45.19 59.50 49.31 5.53 
Cycle 2 52.51 48.27 46.59 43.64 45.21 59.08 49.22 5.21 
Cycle 3 52.70 48.47 46.63 43.13 45.27 59.28 49.24 5.53 
 
 
 
Figure 37. Average internal resistance for each cycle over 3 charge-discharge cycles 
at 2C rate. 
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Table 11. Internal resistance values at various SOC during charge-discharge cycles at 
3C-rate. 
Cycle 
no. 
Internal resistance (𝒎𝛀) 
Before 
charge 
At 50% 
of charge 
After 
charge 
Before 
discharge 
At 50% of 
discharge 
After 
discharge 
Average 
value 
Standard 
deviation 
Cycle 1 50.60 48.27 46.80 43.16 44.60 57.59 48.50 4.72 
Cycle 2 51.03 47.86 47.01 43.86 45.24 58.66 48.94 4.88 
Cycle 3 51.24 48.27 46.80 43.63 45.48 59.29 49.12 5.12 
 
 
 
Figure 38. Average internal resistance for each cycle over 3 charge-discharge cycles 
at 3C rate. 
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Table 12. Internal resistance values at various SOC during charge-discharge cycles at 
4C-rate. 
Cycle 
no. 
Internal resistance (𝒎𝛀) 
Before 
charge 
At 50% 
of charge 
After 
charge 
Before 
discharge 
At 50% of 
discharge 
After 
discharge 
Average 
value 
Standard 
deviation 
Cycle 1 53.14 52.30 51.88 43.65 47.90 60.76 51.61 5.22 
Cycle 2 55.47 54.41 53.78 45.23 47.00 63.32 53.21 5.93 
Cycle 3 55.68 54.84 54.62 44.97 46.33 63.75 53.37 6.28 
 
 
 
Figure 39. Average internal resistance for each cycle over 3 charge-discharge cycles 
at 4C rate. 
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Table 13. Average values of internal resistances over 3 charge – discharge cycles at 
various C-rates. 
C-rate Average value of internal resistance (𝒎𝛀) Standard deviation 
C/2 53.39 0.13 
1C 52.66 0.22 
2C 49.27 0.04 
3C 48.96 0.26 
4C 52.73 0.79 
 
 
 
Figure 40. Average internal resistance of all 3 charge-discharge cycles for C/2, 1C, 
2C, 3C and 4C rates. 
 
From Figure 35 to Figure 40 and Table 6 to Table 13 data, it can be concluded that the 
internal resistance values are close to each other also close to the internal resistance values 
calculated from total heat generation rates while the cell is operating at various C-rates: C/2 to 
4C and finding internal resistance at any one of the C-rate is sufficient as it reflects internal 
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resistance values at other C-rates. So, by calculating the average internal resistance value at 
any one of the C-rate, we can quantify the total heat generation rate during an electrochemical 
operation the cell at various C-rates. Now we know the C-rate dependence of internal 
resistance, the effect of capacity fade needs to be determined. 
Effect of capacity fade  
To investigate the effect of capacity fade, cells are faded and internal resistance values 
are measured using following procedure:  
1. The fresh 18650 cells are taken and are cycled at three different C-rates C/2, 1C and 
2C till three different capacity fades of 5%, 10% and 15% are reached at each C-rate. 
Each cell is faded to one selected percentage of capacity fade while cycling at one 
selected C-rate. 
2.  After respective capacity fades, internal resistance values are calculated by applying 
current pulse while charging and discharging cells at 1C-rate and from the total heat 
generation rate calculated by inverse heat transfer analysis.  
Internal resistance values after capacity fade 
The internal resistances calculated for the cell cycled to different percentage capacity 
fades at various cycling rates are shown from Table 14 to Table 22 and Figure 41 to Figure 49. 
Table 23 shows the total heat generation rate values and internal resistances calculated from 
the total heat generation rates and by applying current pulse for the cells cycled to various 
percentage capacity fades at various C-rates. Both total heat generation rates and internal 
resistance values by applying current pulse are calculated while cell is cycled with ‘charge-
rest-discharge-rest’ loop at 1C-rate. Also it is clear that the amount of total heat generation rate 
slightly increased with increase in the amount of capacity fade occurring in the cell at different 
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cycling rates. And the internal resistance values calculated by applying the current pulse are 
closely related to the total heat generation rates. Figure 50 to Figure 52 shows the average 
internal resistance values over 2 cycles after capacity fade of 5%, 10% and 15% at C/2, 1C and 
2C rates respectively. 
 
Table 14. Internal resistance values during ‘charge-discharge’ cycle after 5% capacity 
fade at C/2-rate. 
Cycle 
no. 
Internal resistance (𝒎𝛀) 
Before 
charge 
At 50% 
of charge 
After 
charge 
Before 
discharge 
At 50% of 
discharge 
After 
discharge 
Average 
value 
Standard 
deviation 
Cycle 1 53.46 50.15 48.75 51.20 52.33 55.55 51.91 2.21 
Cycle 2 53.99 50.61 49.17 51.40 52.99 55.78 52.32 2.20 
 
 
 
Figure 41. Average internal resistance values for each cycle over 2 Charge-
discharge cycles after capacity fade of 5% at C/2 rate. 
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Table 15. Internal resistance values during ‘charge-discharge’ cycle after 10% capacity 
fade at C/2-rate. 
Cycle 
no. 
Internal resistance (𝒎𝛀) 
Before 
charge 
At 50% 
of charge 
After 
charge 
Before 
discharge 
At 50% of 
discharge 
After 
discharge 
Average 
value 
Standard 
deviation 
Cycle 1 53.32 50.79 49.60 52.19 53.22 55.35 52.41 1.85 
Cycle 2 54.36 51.44 49.45 52.45 53.12 55.64 52.74 1.99 
 
 
 
Figure 42. Average internal resistance for each cycle over 2 charge-discharge cycles 
after capacity fade of 10% at C/2 rate. 
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Table 16. Internal resistance values during ‘charge-discharge’ cycle after 15% capacity 
fade at C/2-rate. 
Cycle 
no. 
Internal resistance (𝒎𝛀) 
Before 
charge 
At 50% 
of charge 
After 
charge 
Before 
discharge 
At 50% of 
discharge 
After 
discharge 
Average 
value 
Standard 
deviation 
Cycle 1 59.21 56.37 54.67 58.37 59.08 61.73 58.24 2.24 
Cycle 2 60.50 57.04 55.23 58.23 59.35 61.63 58.68 2.12 
 
 
 
Figure 43. Average internal resistance for each cycle over 2 charge-discharge cycles 
after capacity fade of 15% at C/2 rate. 
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Table 17. Internal resistance values during ‘charge-discharge’ cycle after 5% capacity 
fade at 1C-rate. 
Cycle 
no. 
Internal resistance (𝒎𝛀) 
Before 
charge 
At 50% 
of charge 
After 
charge 
Before 
discharge 
At 50% of 
discharge 
After 
discharge 
Average 
value 
Standard 
deviation 
Cycle 1 61.16 57.81 56.24 59.01 60.14 62.68 59.50 2.12 
Cycle 2 61.88 58.19 56.50 58.99 60.05 62.55 59.69 2.08 
 
 
 
Figure 44. Average internal resistance for each cycle over 2 charge-discharge cycles 
after capacity fade of 5% at 1C rate. 
 
 
 
 88 
 
Table 18. Internal resistance values during ‘charge-discharge’ cycle after 10% capacity 
fade at 1C-rate. 
Cycle 
no. 
Internal resistance (𝒎𝛀) 
Before 
charge 
At 50% 
of charge 
After 
charge 
Before 
discharge 
At 50% of 
discharge 
After 
discharge 
Average 
value 
Standard 
deviation 
Cycle 1 53.84 50.98 48.77 52.43 53.42 56.15 52.60 2.31 
Cycle 2 54.80 51.09 49.07 52.53 53.32 56.63 52.91 2.44 
 
 
 
Figure 45. Average internal resistance for each cycle over 2 charge-discharge cycles 
after capacity fade of 10% at 1C rate. 
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Table 19. Internal resistance values during ‘charge-discharge’ cycle after 15% capacity 
fade at 1C-rate. 
Cycle 
no. 
Internal resistance (𝒎𝛀) 
Before 
charge 
At 50% 
of charge 
After 
charge 
Before 
discharge 
At 50% of 
discharge 
After 
discharge 
Average 
value 
Standard 
deviation 
Cycle 1 56.91 53.78 52.13 55.71 56.55 58.49 55.59 2.09 
Cycle 2 58.25 53.97 52.15 55.76 56.78 58.86 55.96 2.34 
 
 
 
Figure 46. Average internal resistance for each cycle over 2 charge-discharge cycles 
after capacity fade of 15% at 1C rate. 
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Table 20. Internal resistance values during ‘charge-discharge’ cycle after 5% capacity 
fade at 2C-rate. 
Cycle 
no. 
Internal resistance (𝒎𝛀) 
Before 
charge 
At 50% 
of charge 
After 
charge 
Before 
discharge 
At 50% of 
discharge 
After 
discharge 
Average 
value 
Standard 
deviation 
Cycle 1 53.25 49.95 47.99 51.25 52.47 54.82 51.62 2.22 
Cycle 2 54.13 50.05 48.18 51.58 52.56 55.10 51.93 2.34 
 
 
 
Figure 47. Average internal resistance for each cycle over 2 charge-discharge 
cycles after capacity fade of 5% at 2C rate. 
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Table 21. Internal resistance values during ‘charge-discharge’ cycle after 10% capacity 
fade at 2C-rate. 
Cycle 
no. 
Internal resistance (𝒎𝛀) 
Before 
charge 
At 50% 
of charge 
After 
charge 
Before 
discharge 
At 50% of 
discharge 
After 
discharge 
Average 
value 
Standard 
deviation 
Cycle 1 56.65 53.54 52.17 55.24 56.33 58.83 55.46 2.16 
Cycle 2 57.77 54.32 52.06 55.20 56.12 58.53 55.67 2.15 
 
 
 
Figure 48. Average internal resistance for each cycle over 2 charge-discharge cycles 
after capacity fade of 10% at 2C rate. 
 
 
 
 92 
 
Table 22. Internal resistance values during ‘charge-discharge’ cycle after 15% capacity 
fade at 2C-rate. 
Cycle 
no. 
Internal resistance (𝒎𝛀) 
Before 
charge 
At 50% 
of charge 
After 
charge 
Before 
discharge 
At 50% of 
discharge 
After 
discharge 
Average 
value 
Standard 
deviation 
Cycle 1 55.59 52.33 50.66 53.93 55.13 57.71 54.22 2.25 
Cycle 2 56.57 52.80 51.22 54.35 55.46 57.72 54.68 2.19 
 
 
 
Figure 49. Average internal resistance for each cycle over 2 charge-discharge cycles 
after capacity fade of 15% at 2C rate. 
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Table 23. Average internal resistance values calculated from total heat generation rate 
and by applying current pulse. 
Cycling rate 
Capacity fade in % of 
theoretical capacity 
Average internal resistance by 
applying current pulse (𝒎𝛀) 
C/2 
5 51.19 
10 52.74 
15 58.24 
1C 
5 59.60 
10 52.60 
15 55.59 
2C 
5 60.29 
10 52.91 
15 54.74 
 
 
 
Figure 50. Average internal resistance of 2 charge-discharge cycles after capacity 
fade of 5%, 10% and 15% at C/2 cycling rate. 
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From Figure 50 to Figure 53, It can be seen that the internal resistance value increases 
continuously from fresh cell to cell faded to 15% while cycling the cell at lower C-rates which 
is due to irreversible consumption of Lithium in the formation of solid electrolyte interphase 
(SEI) layer which necessarily increases resistance to the flow of Lithium ions. 
While cycling at higher C-rates internal resistance increases during early stages of 
capacity fade due to the irreversible consumption of Lithium in the formation of SEI layer, but 
later decreases which might be due to the crack formation of SEI layer taking place which is 
predominant at higher C-rates causing more decrease in internal resistance as we go for higher 
C-rate cycling. 
 
 
Figure 51. Average internal resistance of 2 charge-discharge cycles after capacity 
fade of 5%, 10% and 15% at 1C cycling rate. 
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Figure 52. Average internal resistance of 2 charge-discharge cycles after capacity 
fade of 5%, 10% and 15% at 2C cycling rate. 
 
 
 
Figure 53. Average internal resistance after various amounts of capacity fade when 
cycled at various C-rates. 
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Figure 54. Temperature rise and voltage profiles in the cell during discharge after 
various amounts of capacity fade occurring at 1C-rate. 
 
Figure 54 shows the temperature and voltage profile of the cell during discharge after 
various amounts of capacity fades. The maximum temperature at the end of the discharge 
increases with capacity fade and this rate of increase is more during initial fading, up to 5% 
fade, and is slightly less in later stages of fading, from 5% to 10%. Since the maximum 
temperature in the cell corresponds to the total heat generation in the cell the trends observed 
in temperature profiles can be related to the heat generation. Since the heat generation rate is 
directly related to internal resistance, it can be inferred that the rate of increase in internal 
resistance is high during initial capacity fading but decreases during the later stages of fading 
in the cell. 
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CHAPTER V  
CONCLUSIONS AND FUTURE SCOPE 
The total heat generation rates in an 18650 cylindrical Li-ion cell during an 
electrochemical operation has been successfully quantified with proposed experimental setup 
based on inverse heat transfer analysis without using a calorimeter. 
The convective heat transfer coefficient is obtained by correlating the temperature data 
during rest period with time using energy balance equation which is later used for quantifying 
heat generation rates. The goodness of correlation given by R-square values shows to have a 
good data correlation. The surface temperature of the cell increases with SOC as 
charging/discharging of the cell proceeds and it is more prominent at higher C-rates. The 
increase in surface temperature of the cell is more at the beginning of the discharge then 
decreases towards the middle of the discharge and again increases at the end of the discharge. 
During charging, the increase in surface temperature is more at the beginning of charge and 
decreases towards the end of charge. The maximum surface temperature reached by the cell 
increases as we increase the C-rate of charging/discharging of the cell. The maximum 
temperature reached by the cell at C/2 discharging rate is around 0.7𝑜𝐶 while it is around 25𝑜𝐶 
during 3C discharging rate. From voltage profiles, it can be seen the capacity of the cell 
decreases as the C-rate of charging/discharging operation increases. 
The total heat generation rate is quantified by correlating the surface temperature data 
of the cell during charging and discharging with energy balance equation. The total heat 
generation rate increases with C-rate during both charging and discharging. The increase is 
from 0.0179 W at C/2-rate to 1.6188 W at 3C-rate during charging and 0.0125 W at C/2-rate 
to 1.7354 W at 3C-rate during discharging. The heat generation rate is high at the beginning 
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of the charge and increases slightly to the middle of charge and decreases to the end of charge. 
This is due to the high charge transfer resistance at the beginning of the charge which decreases 
in later stages of the charge process. During discharge the heat generation rate is high at the 
beginning, decreases to the middle of the discharge and again increases to the end of discharge. 
This is due to the high charge transfer resistance at the beginning of discharge, which later 
decreases and large over-potentials due to polarization and ohmic resistances developed at the 
end of the discharge. 
Contribution of reversible entropic heat term towards the total heat generation rate is 
found to be negligible during the operation of the cell at higher C-rates. Irreversible ohmic heat 
is found to be major contributor towards total heat generation rate at higher cycling rates and 
it is closely related to the internal resistance of the cell. The internal resistance of the cell is 
found to be independent of C-rate, used during charging and discharging, with standard 
deviation of 1.88 𝑚Ω for average internal resistances calculated over charge-discharge cycle 
for various C-rates. With capacity fade occurring at low C-rate cycling, the internal resistance 
increases with capacity fade due to the irreversible consumption of lithium in the formation of 
SEI layer. While cycling at higher C-rates the internal resistance increased initially with 
capacity fade due to irreversible consumption of lithium in the formation of SEI layer, but later 
internal resistance decreased till certain amount of fade due to the crack formation in SEI layer 
taking place and this is more predominant with increase in C-rate. The rate of increase in 
maximum temperature of the cell during discharge is more during initial stages of capacity 
fade and this rate decreases in later stages of capacity fade which can be related to high rate of 
increase in internal resistance during initial capacity fading and decrease in this rate during 
later stages of capacity fading. 
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Investigating the effect of ambient temperature on the amount of heat generation rates 
in a cell cycling at various charging and discharging rates could provide more insight to 
implement the Battery Thermal Management System (BTMS) under varying environmental 
conditions. Also, considering the effect of ambient temperature on capacity fade of a cell when 
fading at different cycling rates and its effect on the internal resistance of the cell associated 
with such fade as well could be an interesting extension to the present study. 
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